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ABSTRACT 
The objective of this study is to investigate the relationship between 
co2 assimilation rate and leaf conductance in intact attached leaves. The 
responses of leaf conductance and rate of co2 assimilation to change in 
intercellular partial pressure of CO 2 were expressed in terms of feedback. 
They are small in the sense that their combined effect was to reduce 
disturbance in intercellular partial pressure of co2 by 60% in c4 species 
and by 30% in c3 species. 
There is a linear relations~ip between co2 assimilation rate, A, and 
leaf conductance, g, when the former is perturbed by yarying irradiance, 
photoinhibitory treatment or application of an inhibitor of the Hill 
reaction: 3-(3,4-dichlorophenyl)-l, 1-dimethyl-urea (DCMU). On the other 
hand, a curvilinear relationship between rate of CO 2 assimilation and leaf 
conductance is observed when detached leaves are treated with abscisic 
acid (ABA), a pl~nt hormone known to induce stomata closure without 
affecting the photosynthetic mechanism. 
A linear relationship between CO 2 assimilation rate and leaf 
conductance has also been observed when rate of co2 assimilation is 
affected by long term growth conditions of the plants, such as nitrogen 
and phosphorus nutrition. In plants grown at differing levels of 
nitrogen nutrition, carboxylase activity and chlorophyll concentration 
of the leaves are positively correlated with rate of CO 2 assimilation. 
These results suggest that leaf conductance is a function of rate of co2 
assimilation and not the other way round. The same linear relationship 
between leaf conductance and rate of co2 assimilation also occurs when 
plants are subjected to gradual water stress and in plants grown under 
differing irradiances during ontogeny. 
iv 
The relationship results in constant intercellular partial pressure 
of co 2 , pi . In fact pi is about 100 µbar in 4 species of c4 plants studied, 
although the magnitude of A varies more than four fold. In 8 species of 
c3 plants studied, pi is about 220 µbar. A possible mechanism of stomatal 
functioning is discussed. 
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leaf area (one side only) (m2) 
rate of assimilation of carbon dioxide per unit leaf area 
-2 -1 (mol m s ) 
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-2 -1 leaf conductance to vapour transfer (mol m s ) 
. d' (E' . -2 -1) irra iance instein m s 
V 
gain of the opened feedback loop involving A and p. 
l 
dimensionless 
gain of the opened feedback loop involving g and p. 
l 
ambient partial pressure of co 2 (bar) 
dimensionless 
partial pressure of co 2 in the intercellular spaces (bar) 
partial pressure of co 2 in air entering the chamber 
atmospheric pressure (bar) 
phosphoenolpyruvate 
ribulose-1,5-bisphosphate 
-1 
rate of flow of air through chamber (mol s ) 
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1 INTRODUCTION 
Stomata exist in all vascular terrestrial plants. They regulate 
the exchange of . CO2 and water vapour between the mesophyll and ambient 
air. In order to reduce loss of water, stomatal conductance to diffusion 
of co2 and water vapour should be kept to a minimum. On the other hand, 
in order to facilitate co2 assimilation, stomatal conductance should be 
large . Therefore stomata face the dilemma of a choice between minimizing 
evaporation of water vapour and maximizing co2 exchange. 
Earlier workers have shown that stomata are responsive to changes 
in CO 2 concentration, irradiance, leaf water potential and humiditf. 
Several reviewers (Ketallapper, 1963; Meidner and Mansfield, 1968; 
Raschke, 1975) have summarized the evidence that stomata are sensitive to 
co2 and irradiance. Stomata respond negatively to the change in inter-
cellular partial pressure of CO 2 but positively to the change in 
irradiance. Raschke, Hanebuth and Farquhar (1978) concluded, from an 
ingenious experiment in which mesophyll was used as a shade, opposite 
sides of the leaf being alternatively illuminated, that stomata do not 
respond to irradiance per se and that changes in conductance in 
association with changes in irradiance were the ~esult of stomatal 
sensitivity to changesin intercellular partial pressure of CO 2 . The 
effects of leaf water potential on stomata has been summarized by Hsiao 
(1973). The response of stomata to humidity has been reviewed by Hall, 
Schulze and Lange (1976). 
Until recently most of the experiments investigating stomatal 
behaviour were carried out using epidermal strips, leaf discs and 
2 
viscous flow porometry. These treatments place the stomata in artificial 
environments. The stomatal apparatus was treated as though it were 
isolated and autonomous rather than as an integral part of the leaf 
tissue. Thorpe and Milthorpe (1977) reported that rate of co2 fixation 
in an epidermis attached to the leaf ih Commelina cyanea increased 
-2 -1 linearly with irradiance up to 1.08 mE m s and that the rate was 11 
times that which took place in the dark. Detached epidermes showed no 
-2 -1 
response to irradiance, and rates at 1.08 mE m s were only 2 - times 
that in the dark. They also showed that there was substantial leakage 
of all labelled methanol-soluble substances from isolated epidermes. 
They attributed the reduced functioning of the detached epidermis to 
the leakage of metabolites rather than -reduced transportation of 
metabolites to the attached epidermis. Dittrich and Raschke (1977) 
showed the epidermes of Corrmelina communis and Tulipa gesneriana 
assimilated 14 co 2 into malic acid and its metabolites, but not into 
sugars or their phosphates. If, however, an isolated epidermis of 
Commelina comnrunis was placed on prelabelled mesophyll (obtained by an 
exposure to 14co 2 for 10 min), radioactive sugars appeared in the 
epidermis. They suggested that this was the result of transfer from the 
mesophyll. During a 10 min exposure to 14co2 , they found that an 
epidermis in situ incorporated 16 times more radioactivity than isolated 
epidermal strips. They also showed that radioactivity was concentrated 
in the guard cells. These two reports suggest that stomata function 
differently when isolated from the mesophyll. 
Amongst work done in the past few years in which co2 assimilation 
rate and leaf conductance (to the diffusion of water vapour) were 
measured, there are a number of instances in which there was a close 
correlationbetween the two. Taken together with the papers on 
metabolite translocation discussed above, they are suggestive of a close 
relationship between functioning in the mesophyll tissue and the 
functioning of the stomata. Davis and McCree (1978) showed that co2 
exchange rate and H20 diffusion conductance in Phaseolus vulgaris L. 
declined in the same proportion as leaves aged so that intercellular 
partial pressure of co2 remained constant throughout the aging process. 
They interpreted the results in two ways: 1) either the stomata were 
deteriorating in their ability to stay open due to unknown changes in 
3 
the physical and chemical properties of the guard cells, or 2) the 
stomata were still operating in a feedback mode to maintain intercellular 
partial pressure of CO 2 constant, as summarised by Raschke (1975). 
Ishihara et al. (1972) also showed a linear relationship .between co2 
assimilation rate and leaf conductance in Oryza sativa leaves of 
varying age. They concluded .that co2 assimilation rate of Oryza sativa 
was highly affected by stomatal aperture. Louwerse and van der Zweede 
(1977) showed that there was a linear relationship between co2 
assimilation rate and leaf conductance in Zea mays L. grown at differing 
irradiances during development. They concluded that stomata stabilized 
the intercellular partial pressure of co2 , on the basis of a co2 
' feedback mechanism. A linear relationship between CO 2 assimilation 
rate and leaf conductance was reported by Yoshida and Coronel (1976) 
in Oryza sativa treated with different levels of nitrogen nutrition. 
They interpreted the results in terms of the effects of nitrogen 
nutrition on leaf photosynthesis via stomatal control. Linear 
relationships between CO 2 assimilation rate and leaf conductance in 
Phaseolus vulgaris~ Zea mays and Imperata cylin~rica subjected to 
differing irradiances were reported by Goudriaan and van Laar (1978). 
4 
A proportionality between co2 assimilation rate and leaf conductance 
implies that the plants maintain a constant level of intercellular 
partial pressure of co2 as will be shown in Section 3.2, equation 1. 
Most of these authors interpreted their results in terms of the 
hypothesis that sensitivity of sto~ata to CO2 tends to keep intercellular 
partial pressure of co2 at a constant level (Raschke, 1975). Yet, 
the open loop gain of the co2 feedba~k loop of the stomata reported 
by Farquhar, Dubbe and Raschke (1978) is far from infinite (typically 
between O and -3) suggesting that co2 feedback response · of stomata 
does not play a major role in maintaining intercellular partial pressure 
of co2 at a constant level. What, then, is the mechanism that 
maintains proportionality between co2 assimilation and leaf conductance 
in plants? In any experiment in which variation of environment causes 
variation in co2 assimilation rate, at constan·t ambient partial pressure 
of CO 2 , constancy of intercellular partial pressure of CO 2 rules out 
the possibility that the variation in uptake of co2 is caused by the 
stomata. Given that the stomata have only a limited sensitivity to changes 
in intercellular partial pressure of CO2 , the only mechanism that will 
yield a proportional relationship between co2 assimilation rate and 
leaf conductance is one in which stomata receive information from 
the mesophyll and adjust leaf conductance according to the rate of" 
CO 2 assimilation. Such a suggestion was put forward by . Cowan (1977). 
The reports of Thorpe and Milthorpe (1977) and Dittrich and Raschke 
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(1977) that metabolites are translocated from mesophyll to the epidermis 
suggest that these metabolites could provide signals which control 
stomatal conductance. I must stress that this applies only a t constant 
ambient partial pressure of CO 2 ; assimilation rate increases while leaf 
conductance decreases with increase of co2 partial pressure (Chapter 3). 
A possible mechanism -for the CO2 response of stomata will be discussed 
in the concluding chapter . 
The objectives of this thesis are to investigate the relationship 
between CO 2 assimilation rate and leaf conductance in leaves in a 
normal physiological environment . . I use the term "assimilation" 
instead of "photosynthesis" for the reasons that: 1) we do not know 
the rate of dark respiration in the light; 2) there is no accurate 
means of measuring photorespiration; 3) I am actually measuring co2 
exchange of the leaf. Similarly, I use the term "leaf conductance" 
instead of the conventional "stomatal resistance" for the reas ons 
that 1) transpiration and co2 assimilation rates are often direc t l y 
related to conductance, whereas they are inversely related to 
resistance; 2) the conductance I measure includes boundary layer 
conductance, which did not change during the experiments, thu s t he 
changes in leaf conductance are caused by changes in stomatal aperture . 
Boundary layer conductance will be discussed in Section 7.3. 
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2 STATEMENT OF THE PROBLEM 
The experiments were planned with the following objectives in mind: 
1. To quantify the gain of the CO2 feedback loops involving 
assimilation and stomata in c3 and c4 species. 
2. To examine how rate of ·co2 assimilation and leaf conductance 
vary in plants subjected to a variety of conditions affects 
their photosynthetic capacities. 
3. To determine whether stomata impose control over CO2 
assimilation, or whether the reverse is more important. 
4. To assess possible interactions between mesophyll and 
stomata. 
3 GAINS OF THE FEEDBACK LOOPS INVOLVING CARBON DIOXIDE, STOMATAL 
CONDUCTANCE AND ASSIMILATION 
3.1 Introduction 
In the leaves of all terrestrial plants co2 and water vapour 
exchanges are affected by the movement of the stomata. Rapid 
assimilation of co2 demands maximal gas exchange; slow water loss 
requires that gas exchange be minimal. In order to maximise the 
efficiency of water use, plants must synchronize stomatal opening with 
the CO2 requirement of the leaves during assimilation. One means of 
achieving this is to have stomata sensing intercellular partial 
pressure of co2 (Raschke, 1975). When this is the c·ase, a reduction in 
intercellular partial pressure of co2 , pi' inside the leaf will cause 
an increase in stomatal conductance, g, which will allow more CO2 to 
diffuse into the leaf and increase p .. This can be summarized by 
l 
pi -+ g -+ pi (where -+ is read as "affects") and is the co2 feedb _ack loop 
involving stomatal conductance. On the other hand, an increase in p. 
l 
will cause an increase in CO 2 assimilation, A, which will in turn 
decrease p .. This can be summaris_ed by p. -+ A -+ p. and is the CO2 l l l 
feedback loop involving assimilation rate. In order to assess the 
importance of the loops in maintaining p. constant, one must measure 
l -
each loop gain - that is to say the amplification that a perturbation 
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receives in one circuit of the loop (Cowan, 1977; Farquhar et al .~ 1978). 
If the gain of the co2 feedback lonp involving stomatal conductance 
was infinite, there would be no change in p. when ambient partial 
l 
pressure of co2 , pa, is perturbed. In the experiments I have done, p. l 
always increased with pa, which suggested that the CO 2 feedback loop 
involving stomatal conductance is not high enough to maintain p. constant. 
l 
q 
This chapter presents an analysis of the gains of the two co2 
feedback loops , and their combined effect, i~ Gossypi um hir sutwn~ Zea 
mays and Eucalyptus pauciflora. Attempts are also made to compare loop 
gains amongst individuals of one species having different CO 2 
assimilation capacities . Since nitrogen nutrition is known to affect 
8 
co2 assimilation capacity and stomatal conductance (Cary, 1977; Ryle and 
Hesketh, 1969 ; Yoshida and Coronel, 1976), plants with different 
assimilation capacities were obtained by controlling the supply of tha t 
nutrient . Next, the performance of the feedback loop in the individual 
plant, in which stomatal conductance and assimilation rate were 
perturbed by change in irradiance, is examined. 
The effect of ambient partial pressure of co2 during onto geny 
of plants on the CO 2 feedback loop gain of stomatal conductance is also 
examined. The data used were obtained from plants grown in two glass 
houses , one containing normal ambient air and the other con t aining 
approximately double the normal concentration of co 2 . 
Finally an attempt is made to analyse the role of co2 feedback of 
stomatal conductance in the stomatal response to irradiance. 
3.2 Theory 
The partial pressure of co 2 in the interc ellular a i r space s is 
calculated as: 
p. = p - 1.6 P A/g 
i a 
(1) 
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where Pis the total air pressure and the numerical factor, 1.6, is the 
ratio of diffusivities of water vapour and CO2 in air. 
Assuming stomatal conductance, g, and assimilation, A, are functions 
of p. and some environmental factor, X say, that will affect g and A, 
l 
then 
g=g(.p., X) (2) 
l , 
A= A(pi' ~) (3) 
For example X might represent irradiance, I. The interrelationships 
represented by equation 1, 2 and 3 are shown in Figure 3.01. The 
diagram depicts two interconnected feedback loops, the upper relating 
to the influence of p. on g and the lower to the influence .of p. on A. 
l l 
The system may be perturbed by changes in the external variables pa . 
and X. The problem is to analyse the role of feedback in the response 
to such changes (Cowan, 1977; Farquhar, Dubbe and Raschke, 1978). As 
the system is nonlinear one must concentrate attention on infinitesimal 
changes. Equations 1, 2 and 3 become 
dp. dp -
pa-pi 
dA + 
Pa -pi 
dg ( 4 ) -= 
l a A g 
dg 3g dp. + (lg_) dX (5) = CaPi)x l 3X p. 
l 
dA aA (3A) dX ( 6) = C-3 -)x dp · + pi l 3X p. l 
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X - g (pl , X) ~ 
-
-
" 
1.6 PA dp. 
Pa - I -... -g Pa 
I 
- A (pi , X) 
. 
.. X 
Figure 3. 0l Block diagram showing interrelationship between assimilation 
rate , A, leaf conductance , g , and an environmental factor, X, as 
represented by equations 1 , 2 and 3. Diagram depicts two interconnected 
feedback loops , the upper relating to the influence of intercellular 
partial pressure of CO 2 , pi ' on g and the lower to the influence of pi 
on A. The system may be perturbed by changes in ambient partial pressure 
of CO 2 , pa and X. 
The block diagram corresponding to these equations is shown in 
Figure 3.02. The coefficients 8g/8p., 
l 
8g/8X, 8A/8p. and 
l 
8A/8X may 
be determined from the results of gas exchange experiments in which 
ambient co2 partial pressure and the environmental factor, X, are 
varied, and A, g and p. are measured. If one is interested only in 
l 
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the effect of p. on g, X being held constant, then(~Xg) dX and ( 8A) dX 
i a p. ax p. 
l l 
in equations 5 and 6 are zero. 
Usi.ng equations 5 and 6 to eliminate dg and dA from equation 4, and 
setting dX = 0, then 
8p. 1 l (7) (~) = 1-K -K 
a X g A 
where 
K 
pa-pi ~ (8) = ( 8p.) X g g 
l 
and 
pa-pi 8A (9) KA = C~)x A 
l 
The quantities Kg and KA are the open loop gains of the feedback 
-loops depicted in Figure 3.02. Their significance can best be 
appreciated by supposing that the output from the central summing 
junction in Figure 3.02 were severed, and that dp. were an input 
l 
independently imposed on the system. Then the outputs of the two loops 
. (i.e. the signals entering the central sununing junction) would be 
Kgdpi and KAdpi for the upper and lower loops, respectively. Both 
of the open loop gains are negative and conspire in the intact system 
12 
dX· 
---4 
dg 
dA 
dX 
Figure 3 . 02 Diagram showing interrelationships among assimilation rate, A, 
leaf conductance , g , and an environmental factor , X, as represented by 
equations 4, 5 and 6 . The coefficients (p -p.)/A and (p -p.)/g stem 
a i a i 
from the physical relationships between p , p., g and A as expressed in 
a i 
equation 1 . The coefficients 3g/3pi' 3g/3X, 3A/ 3pi and 3A/ 3X are 
dependent on processes in the guard cells and assimilatory tissues. 
to reduce the change in partial pressure of CO 2 in the intercellular 
spaces, p., when the partial pressure in the ambient atmosphere, p, 
i a 
is changed. Their influence is formalised in equation 7. The 
magnitude of 3p./3p is the closed loop gain of the system. 1/(l~K) 
i a g 
and 1/(1-KA) are the closed loop gains corresponding to Kg and KA, 
respectively. They are estimates of the magnitudes of 3p./3p that 
i a 
would obtain, respectively, if conductance alone and assimilation rate 
alone responded to change in partial pressure of co2 . 
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Table 3.0l show~ the estimates o~ loop gains extracted from various 
, experiments. We can see that the magnitude of K is far from infinite. g 
The closed loop gains of the stomatal feedback loop, 1/(1-K) vary g 
between 0.46 and 0.72 in Zea mays, a c4 species, suggesting that the 
co 2 feedback loop of the stomata is able to reduce disturbances in 
intercellular parti~l pressure of co2 by 54 to 28% only. The magnitude 
of 1/(1-Kg-KA) suggests that the leaves of Zea mays are able to reduce 
disturbances tn intercellular partial pressure of co 2 by about 60% when 
both stomata loop and assimilation loop are in operation. Table 3.0l 
also shows that the magnitude of K in Gossypiwn hirsutwn is smaller g 
than that in Zea mays. The closed loop gain , 1/(1-K -KA), of the system 
- g 
can only reduce disturbances in intercellular partial pressure of 
co2 by about 35%. In Eucalyptus pauciflora the magnitudes of 1/(1-Kg-KA) 
are similar to those of Gossypium hirsutum. 
The results presented in Table 3.0l pertain to gas exchange 
measurements in which the leaf is left in a particular p for no more 
a 
i! 
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Table 3.0l Estimates of loop gain in Zea mays~ Gossypiwn hirsutum and 
Eucalyptus pauciflora. High nitrogen nutrition contains 24 mM N03 , 
low nitrogen nutrition contains 0.6 rnM N03 . Kg and KA are the open 
loop gainsof the upper, conductance loop and the lower, assimilation 
loop depicted in Figure 3.02; 1/(1-Kg) and 1/(1-KA) are the corresponding 
closed loop gains. The quantity 1/(1-Kg-KA) corresponds to dpi/dpa, the 
sensitivity of internal partial pressure of CO2 to change in ambient 
pressure of CO 2 . 
Nitrogen 
nutr.ition 
Zea mays 
High 
High 
High 
High 
Low 
.Gossypiwn 
hirsutwn 
High 
Low 
Eucalyptus 
pauciflora 
High 
High 
Irradiance 
mE m-2 s-1 
0.25 
0.5 
1.0 
2.0 
2.0 
2.0 
2.0 
0.25 
2.0 
-1.17 
-1.32 
-0. 70 
-0.39 
-1.18 
-0.03 
-0.26 
-0.14 
-0.25 
-0.19 
-0.11 
-0.64 
-0.83 
-0.31 
-0. 4 9 · 
-0.36 
-0.13 
-0.37 
1/(1-K) g 
0.46 
0.43 
.o. 59 
0.72 
0.46 
0.97 
0.80 
0.88 
0. 80 -
0.84 
0.90 
0.61 
0.55 
0.77 
0.67 
0.73 
0.88 
0.73 
1/(1-K -K) g A 
0.42 
0.41 
0. 43 
0.45 
0.40 
0.66 
0.62 
0.79 
0.65 
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than an hour . It is not known whether differing ambient partial 
pressure of CO 2 in the longer term during growth would affect the 
magnitudes of 8A/8p. and 3g/3p . . In order the clarify this, loop gains 
l l 
were measured in plants grown in normal ambient partial pressure of 
co2 (330 µbar) and enriched ambient partial pressure of CO 2 (640 µbar). 
3 . 3 Gains of Feedback Loops in Zea mays L . Grown in Two Ambient Partial 
Pressures of co2 
3 . 3 . 1 Plant materials 
Zea mays were grown in t wo separate glasshouses. One glasshouse 
was well ventilated , the ambient partial pressure of CO 2 being about 
330±20 µbar. The ambient partial pressure of CO 2 in the other 
glasshouse was increased to 640±15 µbar by injecting pure CO 2 . The 
partial pressure of co2 was monitored and controlled by an URAS II 
(Hartman and Braun AG , Frankfurt , West Germany) Infrared gas analyser. 
Seeds of Zea mays L. were sown in 5£ plastic pots containing 
sterilized garden soil . In order to get uniform seedlings the 
seedlings were thinned from four to one per pot after germination. The 
plants were grown under full sunlight, the midday_irradiance (400-700 nm) 
-2 -1 being about 2 mE m s Air temperature in the glasshouse was 32°C 
during the day and 20°C at night . Relative hlll1lidity varied between 50 
and 70% . The plants were divided into four groups which were given 
different nitrogen nutrient treatments. Nutrient solutions were 
based on Hewitt's nitrate t ype formulation (Hewitt and Smith, 1975). 
The compositions of the nutrient solutions are tabulated in Table 3.02. 
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Table 3.02 Composition of nutrient solutions used in the nitrogen 
nutrition experiments, based on Hewitt's nitrate type formula (Hewitt 
and Smith, 1975). 
Nutrient Solution 
Maj or elements A . . B C D 
-N0 3 (mM) 24 12 4 0.6 
-H2Po4 (mM) 1.33 1.33 1.33 1 .33 
K+ (mM) 4 4 4 4 
Mg2+ (mM) 1.5 1.5 1.5 1.5 
Ca2+ (mM) 4 4 4 4 
Na+ (mM) 13.33 1.33 1.33 1.33 
so2-
4 (mM) 1.5 1.5 1.5 1.5 
Cl (mM) 8 11.4 
Micronutrients mM 
FeNa EDTA 10 
MnS04 .4H20 0.01 
ZnS04 .7H20 0 !.001 
Cuso4 .5H20 0.001 
H3Bo3 0.05 
Na2Mo o4 . 2H2 0 0.005 
NaCl 0.1 
Coso4 .7H20 0.0002 
Solution B contained the normal nitrate concentration (12 mM) in 
Hewitt's solution. The soil in each pot was flushed daily with 1£ of 
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nutrient solution in the late afternoon. During daytime the plants were 
watered lightly every three hours to compensate for the water loss due 
to transpiration. 
3.3.2 Methods 
Rate of transpiration of water vapour and assimilation of CO 2 were 
measured using a small double sided glass and aluminium leaf chamber clamped 
to the leaf. Measurements were made on 30 day old plants on the 7th leaf 
from the base. Carbon dioxide assimilation and stomatal conductance were 
measured for various ambient partial pressures of co2 i.e. 100, 200, 320, 
400, 500, 640 and 800 µbar. Leaf temperature and vapour pressure difference 
(between the intercellular spaces and the ambient air) were maintained at 
30°C and 20 mbar respectively. Details of gas exchange methods will be 
discussed in Sections 7.1, 7.2 and 7.3. Gas exchange measurements were 
made on the youngest fully expanded leaf in three plants for each nitrogen 
nutrient treatment; all showed similar trends. Only one set of results 
for each nutrient treatment is presented and analysed. 
3.3.3 Results a:nd di scussion 
In Figure 3.03~ p. of a Zea mays plants grown in normal ambient 
l 
air and measured at four irradiances is plotted as a function of p . 
a 
There is a nearly linear relationship, almost independent of irradiance. 
That is to say, the responses of g and A to irradiance are such that p. 
l 
is maintained nearly constant at a magnitude which increases linearly 
with p . Similar results have been obtained by Farquhar, Dubbe and 
a 
Raschke (1978) with Zea mays and Xa:nthium strwnariwn~ and Dubbe, 
Farquhar and Raschke (1978) with Gossypium hirsutum~ Xa:nthiwn strumarium~ 
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Figure 3 . 03 Intercellular partial pressure of CO
2
, pi' against ambient 
partial pressure of co 2 , pa in Zea mays treated with nutrient solution 
-2 -1 -2 -1 
"A" at four irradiances: • , 0 . 25 mE m s ; 0, 0 . 5 mE m s 
1 0 IDE m-2 -1 A 2 O E -2 -1 A , . s ; LJ. , • m m s Leaf temperature and vapour 
pressure difference were 30°C and 20 mbar, respectively. 
Ii 
Avena sa.tiva., Amaranthus powellii and Zea mays. Figure 3. 04 shows the 
-2 -1 . 
relationship of p. and p , measured at 2 mE m s , in four maize 
i a 
plants grown in normal ambient air having differing photosynthetic 
capacities, the differing capacities having been induced by the 
differing nitrogen treatmerits described. Here, to6, there is a 
nearly linear relationship, almost independent of nitrogen nutrition, 
with almost the same slope as the relationship in Figure 3.03. Thus 
8p./8p is very similar at all four irradiances and all four levels of 
i a 
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nitrogen nutrition. In .Figure 3.05, the assimilation rate, A, of a Zea 
· mays plant grown in normal ambient _air and receiving nutrient 
solution "A" is plotted as a function of p. at four irradiances. 
l 
The curves are fitted by eye. It is also apparent that A is very much 
limited by irradiance, provided p. is clo,se to, or greater than 
l 
normal intercellular partial pressure of co 2 , i.e. 100 µbar, 
approximately. In Figure 3.06., the conductance, g, of the same 
plants is plotted as a function of p .. As expected, g decreases as 
l 
p. increases. It may also be seen that g increases with . the increase 
l 
in irradiance at all p .. 
l 
The assimilation rates and conductances in nutrient solutions 11B 11 , 
"C", "D" treated Zea mays grown in 330 µbar CO 2 are plotted as functions 
of p. in Figures 3.07 to 3.l2. 
l 
The responses of A and g top. are 
. l 
very much dependent upon I and nutrition status of the plants as also 
found by Medina (1969, 1970) . At irradiance equivalent to full 
-2 -1 
sunlight (2 mE m s ), rate of assimilation in nutrient solution "A" 
treated Zea mays is not CO 2 saturated at pa= 320 µbar but is saturated 
20 
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Figure 3.04 Intercellular partial pressure of CO 2 , pi, againstambient 
partial pressure of co 2 , pa, in Zea mays measured at irradiance 
2 mE m- 2 s - 1 , leaf temperature 30°C and vapour pressure difference 20 mbar. 
Symbols represent plants treated with four levels of nitrogen nutrient 
- -
as shown in Table 3. 02 : 0, 0 .6 mM N0 3 ; D, 4 mM N0 3 ; V, 12 mM N0 3 ; 
-
~, 24 mM N0 3 . 
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Figure 3. 05 Rate of assimilation , A~ against internal partial pressure of 
CO 2 , pi' at four irradiances in Zea mays treated with nutrient solution 
" A". Measurements were made c1t ambient partial pressure of CO
2
, Pa' of 
100, 200, 320 and 400 µbar , leaf temperature 30°C and vapour pressure 
difference 20 mbar . 
indicated by O . 
Values of A and P. corresponding top = 320 µbar are 
i a 
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FigUI'e 3. 06 Leaf conductance , g, against intercellular partial pressure 
of CO 2 , p ,, at four irradiances in Zea mays treated with nutrient . l 
solu tion "A". Measurements were made at ambient partial pressure of 
CO 2 , pa ' of 100 , 200 , 320 and 400 µbar 1 leaf temperature 30°C and 
vapour pressure difference 20 mbar . Values of g and p. corresponding 
l 
top = 320 µbar a re indic at e d by {?. 
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Figurie 3. 07 Rate of assimilation , A, agains t intercellular partial pressure 
of CO 2 , pi ' at four irradiances in Zea mays treated with nutrient solution 
"B". Measurements were made at ambient partial pressure of CO
2
, pa' of 
100 , 200 , 320 and 400 µbar , leaf temperature 30°C and vapour pressure 
difference 20 mbar . Values of A and p. corresponding top = 320 µbar 
l a 
are indicated by O. 
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Figure 3. 08 Leaf conductance , g , against intercellular partial pressure 
of. CO 2 , pi ' at four irradiances in Zea mays treated with nutrient 
sol u tion " B". Measurements were made at ambient partial pressure of CO
2
, 
p , of 100, 200 , 320 and 400 Wbar , leaf t emperature 30°C and vapour 
a 
pressure difference 20 mbar . Values of g and p. corresponding to 
l 
p = 320 wbar are indicated by ~ . 
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Figure 3. 09 Rate of assimilation , A, against intercellular partial 
pressure of co 2 , pi' at four irradiances in Zea mays treated with 
200 
nutrient solution "C". Measurements were made at ambient partial pressure 
of CO 2 , pa, of 100 , 200 , 320 and 400 µbar , leaf temperature 30°C and 
vapour pressure difference 20 mbar . Values of A and p . corresponding 
l 
to p = 320 µbar are indicated by O . 
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Figv.re 3 . lO Leaf conductance , g , against intercellular partial pressure 
of co 2 , pi , at four irradiances in Zea mays treated with nutrient 
solution " C" . Measurements were made at ambient partial pressure of 
co
2
, pa ' of 100 , 200 , 320 and 400 µbar , leaf temperature 30°C and vapour 
pressure difference 20 mbar . Values of g and p . corresponding to 
l 
p = 320 µbar are indicated by O .. 
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Figure 3 . ll Rate of assimilation, A, against intercellular partial 
pressure of co 2 , pi, at four irradiances in Zea mays treated with 
nutrient solution "D". Measurements were made at ambient partial 
pressure of co 2 , pa' of 100, 200 , 320 and 400 µbar, leaf temperature 
30°C and vapour pressure difference 20 mbar. Values of A and p. l 
corresponding top = 320 µbar are indicated by ~. 
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Figure 3 . l2 Leaf conductance, g , against intercellular partial pressure 
of CO 2 , pi ' at four irradiances in Zea mays treated with nutrient " D". 
Measurements were made at ambient partial pressure of CO 2 , pa ' of 100, 
200 , 320 and 400 µbar, leaf temperature 30°C and vapour pressure 
difference 20 mbar . Values of g and p . corresponding top = 320 µbar 
1 a 
are indicated by \1 . 
at p = 200 µbar in nutrient solution "D" treated Zea mays (Fi gur e 
a 
3. ll). The responses of A and g to I reduce as the nitrogen supply 
decreases. 
From Figures 3.05 to 3. l2 one can see that when p = 320 µbar p. 
. a i 
is about 100 µbar . 
a mean of 105 µbar. 
To be precise, p. ranges from 96 to 113 µbar with 
l 
Thus in all four plants of Zea mays having 
differing photosynthetic capacities, and at all four irradiances, p. 
l 
is nearly constant. 
Figure ·3.l3 is constructed by taking the values of A and g at 
p. = 100 µbar from Figures 3.05 to3.l2. In this figure one can see 
l 
a remarkable similarity in the responses of A and g to I at any one 
nutrition level. This is associated with the near constancy of p., 
l 
because equation 1 shows that constant values of p. require constant 
l 
A tog ratio. Figure 3. l3 also shows the difference in the response 
of A and g to I due to the different nutrient treatments. 
Figure 3.l4 shows A as a function of g for p = 320 µbar and is 
a 
reconstructed by using data shown in Figures 3.os; 3.0?~ 3. 09 and 
.3 . ll . Curves represent the variation of A that would occur if g were 
independently perturbed. The actual values of A and g corresponding 
top = 320 µbar are located at the turning points of the curves in 
a 
Figure 3. l4, which suggests that the stomatal conductance o f Zea 
may s is set at a level just sufficient to allow max imum r a te of 
assimilation. 
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(continuous line), A, as functions of irradiance, I, in four Zea mays 
plants treated with differing levels of nitrogen nutrition. Inter-
cellular partial pressure of co 2 , pi' being 100 µbar. 
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Figu.re 3. l4 Rate of assimilation, A, against leaf conductance, g, in Zea 
- 2 -1 
mays at irradiance 2 mE m s and at four levels of nitrogen nutrition. 
Actual valu~of A and g corresponding top = 320 µbar are indicated by 
a 
• Curves represent the variation of A that would occur if g were 
independently perturbed . 
Table 3.03 shows estimates of loop gains at four levels of 
irradiance in the four Zea mays plants grown in 330 µbar co 2 receiving 
different levels of nitrogen nutrition. These estimates relate to 
pa= 320 µbar and were obtained by finding the slopes of the curves 
in Figures 3.05 to 3.l2 at the appropriate points and making use of 
equations 8 and 9. One sees that the open loop gain of the stomatal 
loop, K, is far from infinite. °The corresponding closed loop gain, g 
1/(1-K) ranges from 0.38 to 0.75 which means that the stomata are g 
able to reduce disturbances in p. by 62 to 25% only. For comparison, 
l 
32 
Farquhar et al. (1978) found K measured at p. = 100 µbar to be -1.84 and 
. g . l 
+0.04 in field grown Zea mays and growth chamber Zea mays, respectively. 
The magnitude of 8pi/8pa = 1/(1-Kg-KA) is a'lmost uniform for all four 
plants and all four irradiances. Its mean is 0.42; that is to say, 
the stomatal conductance and assimilation loops in combination (see 
Figure 3.02) act to reduce disturbances in intercellular partial 
pressure of co 2 by 58% only. 
Table 3.03 also shows that at any one nitrogen nutrient level the 
magnitude of 1/(1-K) is lowest at low irradiance and increases with g 
increasing irradiance, i.e. the stomatal conductance loop has a 
larger effect in reducing disturbances in p. at low irradiance than · 
l 
at high irradiance. The reverse is trueof 1/(1-KA) and indeed the two 
loops complement each other in such a way that 1/(1-Kg-KA) varies 
very little. 
In Figures 3. l·S and 3. l6 ., A and g in Zea mays grown in normal 
ambient partial pressure of co 2 are plotted as functions of pi. 
Table 3.03 The magnitude of various loop gains in Zea mays at four 
levels of irradiance. (mE m- 2 s-1), I, and four levels of nitrogen 
nutrition. Nutrient A contains 24 mM N03 , Nutrient B contains 12 mM 
NO;, Nutrients C and D contain 4 rnM and 0.6 mM of N03 respectively 
33 
(Table 3.02). Kg and KA are the open loop gains of the upper, conductance 
loop and the lower, assimilation loop depicted in Figure 3.02; 1/(1-K) g 
and 1/(1-KA) are the corresponding closed loop gains. The quantity 
1/(1-Kg-KA) corresponds to 8pi/8pa' the sensitivity of internal partial 
pressure of CO 2 to change in ambient partial pressure of co2 . 
Nutrient 
Treatment 
A 
B 
C 
D 
I 
0.25 
0.5 
1.0 
2.0 
K g 
-1.17 
-1.32 
-0. 70 
-0.39 
0.25 -1.26 
0.5 -1.22 
1.0 -0.73 
2.0 -0.36 
0.25 -1.39 
0.5 -1.22 
1.0 -0.66 
2.0 -0.34 
0.25 -1. 48 
0.5 
1.0 
2.0 
-1.64 
-1.37 
-1.18 
-0.19 
-0.11 
-0.64 
-0.83 
-0.23 
-0.35 
-0.38 
-0.73 
-0.26 
-0.20 
-0.56 
-0.79 
0.08 
0.22 
-0. 08 
-0.31 
1/ (K-K ) g 
0.46 
0.43 
0.59 
0.72 
0.44 
0.45 
0.58 
0.74 
0.42 
0.45 
0 .60 
0.75 
0 .4 0 
0.38 
0.42 
0.46 
0.84 
0.90 
0.61 
0.55 
0.81 
0.74 
0.72 
0.58 
0. 79 
0.83 
0.64 
0. 56 
1.08 
1.28 
0.93 
0.77 
1/(1-K -K) g A 
0.42 
0.41 
0.43 
0.45 
0. 40 
0.39 
0.47 
0.48 
0 .38 
0.41 
0.45 
0.47 
0 . 42 
0.41 
0.41 
0.40 
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Figure 3. l5 Rate of assimilation, A, against intercellular partial 
pr essure of CO 2 , pi , in Zea mays grown in normal ambient partial 
pr essure of CO 2 and four levels of nitrogen nutrition . Measurements 
were made at irradiance 2 mE m- 2 s - 1 , ambient partial pressure of CO
2
, 
p , of 100 , 200 , 320 , 500 , 640 and 800 Wbar, leaf temperature 30°C and a 
vapour pressure difference 20 mbar . Values of A and p . corresponding to 
l 
p = 320 and 640 Wbar are indica t ed by \j and t , respectively. Other a 
-
symbols denote different levels of nitrogen nutrition: 6 , 0.6 rnM N0
3
; 
-O, 12 mM -o3 and 
-0 , 24 rnM N03 . 
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Figure 3. l6 Leaf conductance , g, against intercellular partial pressure of 
CO 2 , 
four 
2 mE 
640 
pi' in Zea mays grown in normal ambient partial pressure of CO 2 and 
levels of nitrogen nutrition. Measurements were made at irradiance 
- 2 1 
m s- , ambient partial pressure of CO 2 , pa' of 100, 200, 320, 500 
and 800 µbar , leaf temperature 30°C and vapour pressure difference 
20 mbar. Values of g and p. corresponding top = 320 and 640 µbar are 
i a 
indicated by O and ,t , respectively. Other symbols denote different 
- -levels of nitrogen nutrition: 6, 0.6 mM N0 3 ; V, 4 mM N03 ; D, 12 mM 
-
N0 3 and 0, 24 mM NO; . 
Figures 3.l? and 3. lB show the responses of A and g to pi in Zea mays 
grown in CO 2 enriched atmosphere. The responses are similar in both 
groups of Zea mays. In other words there is no significant effect of 
co 2 enrichment during ontogeny on the responses of A and g to pi. 
Tables 3.04 and 3. 05 show estimates of various loop gains in Zea 
mays grown in 330 and 640 µbar co 2 respectively. There are no 
significant differences between the two tables, i.e. partial pressure . 
of CO 2 during growth had no obvious influence on the characteristics 
of either of the two feedback loops . In each table it may be seen 
36 
that ·1/(l-Kg) is greater, and· 1/(1-KA) _is smaller at Pa= 320 µbar than 
at pa= 640 µbar. The gain of the two loops in combination, 1/(1-Kg-KA), 
is unaffected by p . 
a 
The similarity in the responses of A and g top. in Zea mays grown 
l 
in normal ambient air and Zea mays grown in CO 2 enriched air was 
probably due to low K (about 30 µbar, D.L. Nott and S. van Caemmerer, 
m 
personal communication) of PEP carboxylase, the first carboxylation 
enzyme in Zea mays. 
3 . 4 Gains of Feedback Loops in Gossypiwn hirsutwn L. Grown in Two 
Ambient Partial Pressures of co 2 
3.4.1 Plant materials 
Plants of Gossypium hirsutum were grown in normal ambient partial 
pressure of CO 2 (330±20 µbar) and increased ambient partial pressure 
of CO 2 (640±15 µbar) and at four levels of nitrogen nutrition. The 
youngest fully expanded leaves of 40 day old plants were examined. 
Details were described in Section 3.3.1. 
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Figure 3. l? Rate of assimilrttion, A, against intercellular partial 
pressure of CO 2 , pi in Zea mays grown in 640 µbar ambi~nt partial 
pressure of co 2 , and four levels of nitrogen nutrition. Measurements 
-2 -1 
were made at irradiance 2 mE m s , ambient partial pressure of CO 2 , pa, 
of 100, 200, 320, 500, 640 and 800 µbar, leaf temperature 30°C and vapour 
pressure difference 20 mbar. Values of A and p. corresponJing to 
l 
p = 320 and 640 µbar are indicated by \I and~ , respectively. Other 
a 
-
t.i 1mbols denote different levels of nitrogen nutrition : A , 0.6 mM N0 3 ~ 
-
T , 4 mM N0 3 ; •, 12 mM N0 3 and e, 24 mM N0 3 . 
I· 
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Figure 3 . lB Leaf conductance , g, against interceliular partial pressure of 
CO 2 , pi ' in Zea mays grown in 640 wbar ambient partial pressure of co 2 
and f our levels of nitrogen nutrition . Measurements were made at 
- 2 -1 i r radi_ance 2 m.S m s , ambient partial pressure of CO 2 , pa of 100, 200, 
320 , 500, 640 and 800 wbar , leaf temperature 30°C and vapour pressure 
differ ence 20 mbar . Values of g and p . corresponding top = 320 and 640 
i a 
wbar a r E'. ind icated by \/ and t, respectively. Other symbols denote 
-di ff er ent levels of nitrogen nutrition : A , 0 . 6 rnM N03 ; T , 4 rnM N03 ; 
• > 12 rr.:t-1 No; and •, 24 mM N0 3 . 
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Table 3.04 The magnitude of various loop gains in Zea mays grown in 
normal ambient partial pressure of co2 (330 + 20 µbar) and at four 
levels of nitrogen nutrition. Measurements were made at an irradiance 
of 2 mE m- 2 s-l and two ambient partial pressure of CO2 , Pa· Details 
as in Table 3.03. 
Nutrient 
Treatment 
A 
B 
C 
D 
p 
a 
326 
640 
320 
640 
320 
640 
320 
640 
K 
g 
-0.76 
-1.28 
-0.86 
-2.02 
-1.17 
-1.52 
-1.03 
-2.22 
-1.35 
-0.37 
-0.88 
-0.48 
-0.83 
-0.28 
-0.54 
-0.25 
1/(1-K) g 
0.57 
0.44 
0.54 
0.33 
0.46 
0.40 
0.49 
0.31 
0.43 
0.73 
0.53 
0.68 
0.55 
0.78 
0.65 
0.80 
1/(1-K -K) g A 
0.32 
0.38 
0.36 
0.29 
0.33 
0.36 
0.39 
0.29 
4 
40 
Table 3.05 · The magnitude of various loop gains in Zea mays grown in 
enriched ambient partial pressure of co2 (640 ± 15 µbar) and at four 
levels of nitrogen nutrition. Measurements were made at an irradiance 
-2 -1 
of 2 mE m s and two ambient partial pressures of co2 , Pa· Details 
as in Table 3.03. 
Nutrient 
Treatment 
A 
B 
C 
D 
320 
640 
320 
640 
320 
640 
320 
640 
K g 
-0.60 
-1.64 
-0.64 
-1.51 
-1.02 
-1.51 
-1.48 
-1.81 
-1.09 
-0.42 
-1.16 
-0.58 
-0.81 
-0.43 
-0.65 
-0.28 
1/(1-K) g 
0.63 
0.38 
0.61 
0.40 
0.49 
0.40 
0.40 
0.36 ' 
0.48 
0. 70 
0 .46 
0.63 
0.55 
0. 70 
0.60 
0.78 
1/(1-K -K) g A 
0. 3 7 
0.33 
0.36 
0.32 
0. 35 
0.34 
0.32 
0.32 
3.4.2 Methods 
-2 -1 Gas exchange was measured at irradiance of 2 mE m s and p of 
a 
100, 200, 320, 500, 640 and 800 µbar co2 . Leaf temperature and pressure 
vapour difference were maintained at 30°C and 20 mbar, respectively. Details 
of gas exchange methods will be described in Sections 7.1 to 7.3. Gas 
exchange measurements were made on the youngest fully expanded leaf in 
1 three plants f or each nitrogen nutrient treatment; all showed similar trends. 
Only one set of results for each nutrient treatment is presents and analysed. 
3 . 4 . 3 Results and discussion 
Figures 3. l9 and 3. 20_ show the response of A and g top. in 
l 
plants of Gossypiwn hirsutwn grown in normal ambient partial pressure 
of co 2 . The corresponding responses in Gossypiwn hirsutum grown 
in co 2 enriched air (640 µbar) are plotted in Figures 3.2l and 3.22. 
The figures show that . p . corresponding top = 320 µbar is maintained 
1 a 
close to 220 µbar for all four nitrogen treatments and both ambient 
partial pressures of co 2 during _growth. However, 
1in contrast to Zea 
mays there is a significant difference in the response of A and g to 
pi between plants grown at 330 µbar and those grown at 640 µbar co 2 . 
In Gossypium hirsut um grown in CO 2-enriched atmosphere, rate of 
assimilation increases relatively slowly with small p. but, unl i ke 
l 
assimilation rate in plants grown in a normal atmosphere, it continues 
to response top. when the latter is large . This is due to the fact 
l 
that the Km for ribulose-1,5-bisphosphate (RuP 2) ca rboxylase 
(420 µbar, M.R. Badger, personal communication) is large relative to 
normal int ercellular partial pressure of CO 2 i n Gossypium hi r sutum 
(about 220 µbar). 
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Figure 3.l9 Rate of assimilation, A, against intercellular partial pressure 
of CO 2 , pi' in Cossypium hirsutum grown in normal ambient partial 
pressure of CO 2 , and four levels of nitrogen nutrition. Measurements 
were made at irradiance 2 mE m- 2 s-1 , ambient partial pressure of CO
2
, 
p , of 100 , 200, 320, 500 , 640 and 800 µbar, leaf temperature 30°C and a 
vapour pressure difference 20 mbar. Values of A and p. corresponding to 
l 
p = 320 and 640 µba r are indicated by {? and ~ , respectively . Other 
a 
-symbols denote different levels of nitrogen nutrition: 6, 0.6 rnJv1 N0 3 ; 
- - -V , 4 mM N0 3 ; D, 12 rnM N0 3 and O, 24 mM N0 3 . 
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Figure 3. 20 Leaf conductance , g , against intercellular partial pressure of 
CO 2 , pi' in Gossypium hirsutum grown in normal ambient partial pressure 
of CO 2 and four levels of nitrogen nutrition . Measurements were made at 
-2 - 1 irradiance 2 mE m s , ambient partial pressure of co 2 , pa' of 100, 200, 
320 , 500, 640 and 800 µbar , leaf temperature 30°C and vapour pressure 
difference 20 mbar . Values of g and p . corresponding top = 320 and 640 
i a 
µbar are indicated by O and t, respectively . Other symbols denote 
-
different levels of nitrogen nutrition : 6., 0.6 mM NO;; V, 4 mM N0 3 ; 
D, 12 mM N0 3 and O, 24 mM N0 3 . 
44 
60 
50 
t 
- 40 I 
C,I) 
N 
I 
E 
Q) 30 
-0 
E 
:l.. t ... 
< 20 
10 
100 200 300 400 500 600 
p., µbar 
I 
Figure 3. 2l Rate of assimilation, A, against intercellular partial 
pressure of co 2 , pi ' in Gossypium hirsutum grown in 640 µbar ambient partial 
pressure of CO 2 , and four l evels of nitrogen nutrition. Measurements 
-2 -1 
were made at irradiance 2 mE m s , ambient partial pressure of co
2
, Pa, 
of 100 , 200 , 320, 500 , 640 and 800 µbar , leaf temperature 30°C and vapour 
pressure difference 20 mbar . Values of A and p. corresponding to 
l 
p = 320 and 640 µbar are indicated by \1 and t , respectively . Other a 
-
symbols denote different levels of nitrogen nutrition : A , 0 . 6 mM N0
3
; 
- -
T , Lr mM N0 3 ; • , 12 mM N0 3 and 
-e , 24 mM N0 3 . 
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Figure 3. 22 Leaf conductance , g, against intercellular partial pressure 
of CO 2 , pi , in Gossypium hirsutum grown in 640 µbar ambient partial 
pressure of CO 2 and four levels of nitrogen nutrition. Measurements 
-2 -1 
were made at irradiance 2 mE m s , ambient partial pressure of CO 2 , 
p , of 100 , 200 , 320 , 500, 640 and 800 µbar ·, leaf temperature 30°C and 
a 
vapour pressure difference 20 mbar . Values of g and p. corresponding 
l 
= 320 and 640 µbar are indicated by O and t , respectively. to p 
a 
Other symbols denote different levels of nitrogen nutrition : 
- - - -N0 3 ; T , 4 mM N0 3 ; • , 12 mM o3 and e , 24 mM N0 3 . 
.A. , 0 . 6 mM 
I 
l. 
Tables 3.06 and 3.0? show estimates of loop gains in Gossypium 
hivsutwn grown in 330 and 640 µbar CO 2 . The combined closed-loop 
gain, 1/(1-Kg-KA) , in contrast to that in Zea mays, is greater at 
pa= 640 µbar than at pa= 320 µbar, irrespective of the conditions 
of growth . This implies that the tendency to reduce a disturbance 
in intercellular partial pressure of CO 2 becomes less the greater 
the partial pressure of ambinet co 2 . Plants of Gossypium hirsutum 
grown at 640 µbar CO 2 have a smaller 1/(1-Kg-KA) than p.lants grown 
at 330 µbar co 2 , irrespective of the partial pressure of co 2 at which 
the measurements were made . 
3 . 5 Gains of Feedback Loops in Eucalyptus pauciflora Sieb. ex Spreng 
and Analysis of the Contributions of the Feedback Loops to the 
Response of Stomatal Conductance to Irradiance 
3.5.1 Plant materials 
46 
Seeds of Eucalyptus pauciflora were collected from Sawpit Creek 
(elevation 1215 m) in Kosciusko National Park, New South Wales, 
Australia. They were stratified at 4°C on moist filter paper for 30 
days before germination . Seedlings were grown outdoors in spring and 
sunnner. They were brought . into a glasshouse 1 month before experiments. 
The plants were fertilized with Hoagland solution once a week. The 
day/night temperature regime in the glasshouse was 28°/20°C. Relative 
humidity was between 50 and 60%. The plants were 8 months old at the 
time of the experiments . 
3.5.2 . Methods 
Rates of transpiration of water vapour and assimilation of CO 2 
were measured in a single attached leaf enclosed in a Plexiglas 
47 
Table 3.06 The magnitude of various loop gains in Go ssypium hirsut um 
grown in normal ambient partial pressures of co2 (330 ± 20 µbar) and at 
four levels of nitrogen nutrition. Measurements were made at an 
-2 -1 irradiance at 2 mE m s and two ambient partial pressures of CO2 , Pa· 
Details as in Table 3.03. 
Nutrient 
Treatment 
A 
B 
C 
D 
320 -
640 
320 
640 
320 
640 
320 
640 
K g 
-0.03 
-0.24 
-0.07 
-0.21 
-0. 04 
-0.15 
-0.26 
-0 . 38 
-0. 49 
-0.11 
-0.52 
-0.15 
-0.54 
-0.06 
-0.36 
-0.04 
1/(1-K) g 
0.97 
0.81 
0.94 
0.83 
0.96 
0.87 
0. 80 
0.72 
0.67 
0.91 
0.66 
0.87 
0.65 
0.94 
0.73 
0.96 
1/(1-K - K ). g A 
0.66 
0.74 
0.63 
0.74 
0.63 
0.82 
0.62 
0. 70 
48 
Table 3.0? The magnitude of various loop gains in Gossypiwn hirsutwn 
grown in enriched ambient partial pressure of CO2 (640 ± 15 µbar) and 
at four levels of nitrogen nutrition. Measurements were made at an 
irradiance of 2 mE m- 2 s-l and two ambient partial pressures of CO 2 , Pa· 
Details as in Table 3.03. 
Nutrient 
Treatment 
A 
B 
C 
D 
320 
640 
320 
640 
320 
640 
320 
640 
K g 
-0.04 
-0.07 
-0.17 
-0.15 
-0.22 
-0.20 
-0.34 
-0.11 
-0.57 
-0.29 
-0.49 
-0.31 
-0.45 
-0.33 
-0.50 
-0.08 
1/(1-K) g 
0.96 
0.93 
_o. 85 
0.87 
0.82 
0.83 
0.74 
0.90 
0.64 
0.77 
0.67 
0.76 
0.69 
0.75 
0.67 
0.93 
1/(1-K -K) g A 
0.-62 
0.73 
0.60 
0.69 
0.60 
0.65 
0.54 
0.84 
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chamber at pa of 100, 200, 300 and 400 µbar co2 . Leaf temperature and vapour 
pressure difference were maintained at 25° and 14 mbar, respectively. Details 
of the methods are described in Section 7.1 and 7.3. Gas exchange measure-
ments were made on the youngest fully mature leaf in two plants; both showed 
similar trends. Only one set of results is presented. 
I[__ 
3 . 5.3 Results and discussion 
In Figure 3. 23~ p. is plotted as a function of p . There is a 
i a 
nearly linear relationship, almost independent of irradiance. 
That is to say , the responses of g and A to irradiance are su·ch that 
p. is maintained nearly constant at a magnitude which increases 
l 
linearly with p . In Figure 3. 24, A is plotted as a function of p. 
a i 
the smooth curve being a quadratic defined by least squares regression. 
By substituting equation 1, A can be reexpressed as a function of g at 
any chosen ambient partial pressure of CO 2 , Pa· Figure 3.25 shows A 
as a function of g for p = 320 µbar. Figure 3.26 shows gas a function 
a 
of pi. The magnitudes corresponding to pa= 320 µbar are indicated in 
Figures 3.24~ 3. 25 and 3. 26 . The increase of conductance wtth increase 
in irradiance is nearly sufficient to maintain p, constant at 250 µbar 
l 
(to be precise, p, decreases from 257 to 243 µbar)(Figure 3.26). 
l 
In other words the increase in stomatal conductance_ with increasing 
irradiance is not mediated through the reduction of pi as has been 
suggested (Raschke, 1975). The magnitude of g and A corresponding 
top.= 250 µbar are shown in Figure 3.2? as functions of irradiance. 
l 
The fitted curves are hyperbolae having horizontal asymptotes at large 
irradiance. Once again the responses of A and g to I are remarka bly 
similar, as in Zea mays (Figure 3. l3) . As discussed before this is 
associated with a near constancy of p. over the range of irradiances 
l 
imposed . 
I· 
1. 
50 
300 6. 
.& 
. o 
~ 
0 6 
..a .& 
~ 200 ~ 
.... 
·-0. 
-6 
~ 
100 
0 
0 100 200 300 
p0 , ,ubar 
Figure 3 . 23 Intercellular partial pressure of CO 2 , pi' against ambient 
partial pressure of CO 2 , p , in Eucalyptus pauciflora at four irradian~es : a -
6 , 0 . 25 mE m-2 s-1 , and O, 0 . 96 mE rn- 2 s-l (imposed during 1st day of 
- 2 - 1 -2 -1 
experiment) ; .& , 0 . 55 rnE m s , and •, 2 rnE m s (imposed during 
2nd day ). Conditions of gas exchange measur ements : leaf temperature= 
25°C , vapour pressure difference= 18 rnbar. 
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Figurie 3. 24 Rate of assimilation, A, against int1ercellular partial pressure 
of CO 2 , pi ' in F,ucalyptus pauci flora at four irradiances: 6 , 0 . 25 mE m-
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s , anrl O, 0 . 96 mE m s (imposed during 1st clay of experiment); A 
- 2 -1 -2 -1 0 . 55 mE m s , and e , 2 mE m s (imposed during 2nd day). Data 
-2 - 1 
shown as • relates to 0 . 96 mE m s , but was obtained during 2nd day of 
experiment . Estimated values of~ and p. corresponding top = 320 wbar are 
i a 
indicated by +. Smooth curves are quadratic functions obtained by least 
squares regression . Conditions of gas exchange measurements: ambient partial 
p r essure of CO 2 , Pa= 100, 200 , 320 and 400 wbar, leaf temperature= 25°C, 
vapour pressure difference= 18 mbar . 
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Figure 3. 25 Rate of assimilation , A, against leaf conductance, g, in 
Eucalyptus pauciflora . Actual values of A and g corresponding to 
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p = 320 ~bar are indicated by • . 
a 
-Curves represent the variation of A 
that would occu r if g were independently perturbed . 
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Figure 3. 2? Leaf conductance , g, and assimilation rate , A, as functions 
of irradiance in Eucalyptus pauciflora with intercellular partial 
pressure of co 2 , pi' being 250 µbar . Curves are hyperbolae having 
horizontal asymptotes at large irradiance . 
The loop gains are shown in Table 3.08. It may be seen that the 
_upper, stomatal conductance, loop shown in Figure 3.02 is able to 
reduce disturbances in p. by 12 to 24% only. The assimilation loop 
l 
alone is able to reduce disturbances in p. by 12% at irradiance of 
l 
0.25 mE m- 2 s-l and 27% at 2 mE m- 2 s-l Th · d f ~ /~ e magnitu e o op. op 
i a 
= 
1/(1-Kg-KA)' is the closed loop gain of the system. It is represented 
by the slope of a line drawn through the points in Figure 3.23 and 
has an average slope for all irradiances of about 0.7. Thus the 
combined effects of both loops are to reduce disturbances in inter-
cellular partial pressure of co2 by 30% _only. 
The foregoing analysis describes the role of feedback in 
influencing responses to change in ambient partial pressure of co 2 , 
but its real significance is not in terms of change in p (such 
a 
changes are small in the short term out-of-doors and in the remainder 
of the analysis p is taken as constant at 320 µbar), but rather in 
a 
terms of changes in irradiance. We shall now take X in equation 5 and 
6 to represent irradiance, I. As I increases, A tends also to 
increase and therefore to cause p. to decrease. The depression in p. 
l l 
is lessened because the stomata open partly as a result of the direct 
light response (8g/8I) and partly as a result of the feedback p. . 
l 
response (8g/3p.) . What are the relative roles of these two 
l I 
responses? 
Setting dp = 0 in equation 4 and using equations 5 and 6 to 
a 
eliminate dg and dA we find 
55 
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Table 3.08 The magnitude of various loop gains in Eucalyptus paucijlora 
at four irradiances, I. Kg and KA are the open loop gains of the 
upper, conductance, loop and the lower, _assimilation, loop depicted in 
Figure 3.02; 1/(1-Kg) and 1/(1-KA) are the corresponding closed loop 
gains. The quantity 1/(1- K -KA) is an estimate of 8p./8p , the g i a 
sensitivity of internal partial pressure of CO 2 to change i n ambient 
partial pressure of co2 . 
I K KA . 1/ (1-K ) 1/(1-KA) 1/(1-K -K) g . g . g A 
0.25 - 0 . 14 -0 . 13 0 . 88 0.88 0.79 
0 . 55 -0 . 14 -0 . 15 0 . 88 0.87 0.78 
0.96 -0.31 - 0 . 28 0. 7 6 0 . 78 0.63 
2 . 0 -0.25 -0 . 37 0.80 0.73 0.62 
dp. 
l 
dI = 
pa-pi 
g 
pa-pi 
A 
1-K -K g A 
(10) . 
In order to evaluate this expression one needs to have estimates of the 
partial derivatives 
obtained as slopes 
(3g/3I ) , (3A/3I) . Essentially these were p. p. 
l l 
of curves in Figure 3. 2?~ but with appropriate 
allowance being made for the fact that p . differed slightly from 
l 
250 µbar at each particular magnitude of I . 
If (3g/3I) were zero then p. would inevitably decrease with p. l 
l 
increase in I, however large the absolute magnitudes of Kg or KA 
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might be . In fact p . does decrease with increase in I when p = 320 µbar, 
i a 
as shown in Figures 3. 24~ 3. 26 and 3.28 . However, the decrease is small. 
That it is so is due to the near equality of the terms in the numerator 
of equation 10 (Figure 3.28). The quantity dp./dI expressed by 
l 
equation 10 is shown as curve (a). Curves (b) and (c) represent the 
same quantity, but with Kg and KA' respectively, set to zero. It is 
evident that the feedback loops have a very small influence, only, on 
-
the functioning of the system. Curves (d) and (e) also represent 
dp./dI but with (3g/8I) and (3A/8I) respectively, set to zero. 
l pi pi . 
Clearly the functioning of the system is dominated by the direct 
responses of conductance and rate of assimilation to irradiance. 
Now that the quantity dp./dI has been evaluated the responses of 
l 
g and A are readily found. From equation 5 and 6 they are 
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Figure 3. 28 Change in intercellular partial pressure of CO
2
, pi' with 
changes in irradiance , I , plotted against irradiance in Eucalyptus 
pauciflora . Lines(a) relates to the intact leaf system and is computed 
using quation 10 . Line (b) and (c) are estimates which neglect the 
influence of internal partial pressure of CO 2 on leaf conductance and 
rate of assimilation , respectively. Lines (d) and (e) neglect the 
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direct influence of irradiance on leaf conductance and rate of assimilation, 
respectively . Also shown are the absolute magnitudes of internal partial 
pressure of CO 2 , pi . 
dg = (~) (dg ) 
dI 31 p. + ~ I 
l l 
= ( 3A) + ( 3A ) 
dI 3I p . 3p. I 
l l 
dA 
dp. 
l 
dI 
dp. 
l 
dI 
(11) 
(12) 
They are shown as the curves ~a) in Figure 3.29. Curves (b) and 
(c) represent the same quantities, but the Kg and KA respectively, set 
to zero . Again, the influence of feedback is seen to be small. Curve 
(d) and (e) also represent the quantities defined by equations 11 and 
12 but with (3g/3I) and (3A/ar) , respectively, set to zero. p. p. . 
l l 
Stomatal opening with increase in irradiance is due primarily to the 
direct response of stomata to irradiance and increase in rate of 
assimilation with increase in irradiance is due primarily to the 
direct response of rate of assimilation to irradiance. 
Figure 3. 29 seems to imply that g has very little influence on A, 
for dA/dI is not much affected by setting ag/dl = 0. However, it is 
important to realize that this is because the integrated response of 
stomata to irradiance is so large that at each irradiance the stomata 
are sufficiently wide open to avoid appreciable restriction of rate 
of assimilation. The point is well illustrated by Fi gure 3. 25 . 
3.6 Summary 
As expected, increa se in irradiance enhances both r a te o f CO 2 
assimilation (Gaastra, 1959; Medina, 1970; Ludlow a nd Ng, 197 6 ; 
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Figure 3. 29 Change in leaf cond uctance and rate of- assimilation with change 
in i r radiance , plotted against irradiance in Eucalyptus pauciflora . Line 
(a ) r elates to t he intact leaf system and is com~uted using equations 11 
and 12 in conjunction with equation 10 . Lines(b) and (c) are estimates 
which negl ct the influence of internal partial pressure of CO 2 on leaf 
conductance and rate - of assimilation, respectively . Lines (d) and (e) 
neglect the direct influence of irradiance on leaf conductance and rat e 
of assimilation, r spectively . Also shown are leaf cond uctance, g, and 
assimilation rate, A, ·as functions of irradiance, I . 
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Machler and Nosberger, 1977) and stomatal conductance (Louwerse and van 
. der Zweerde, 1977; Hsiao and Allaway and Evans, 1973; Heath and Russell, 
1954) . Stomatal conductance and rate of co 2 assimilation are also 
positively correlated with nitrogen nutrient levels (Cary, 1977; 
Ryle and Hesketh , 1969 ; Yoshida and Coronel, 1976). It is remarkable 
that the relative responses of A and g to I are so similar (Figures 
3. l3 and 3.27). This implies that there is a fixed ratio between A 
and g . From equation 1 constant A/g ratio implies constant p .. 
l 
In 
fact in Zea mays the magnitude of p . when p = 320 µbar ranged from 
i a 
96 to 113 µbar (Figures 3. 03 to 3. lB). _ This suggests that Zea mays 
tends to keep p. constant despite changes in irradiance and levels of 
l 
nitrogen nutrition. In Gossypiwn hirsutwn p. tends to be constant 
l 
at 210 µbar at all four nitrogen nutritions (Figures 3.l9 to 3.22). 
In Eucalyptus pauciflora p. ranged from 257 to 243 µbar when irradiance 
l 
-2 -1 
ranged from 0.25 to 2 mE m s with leaf temperature at 25°C 
(Figures 3. 23~ 3.24 and 3.26) . 
Figures 3. l4 and 3. 25 show that stomatal conductance of Zea mays 
and Eucalyptus pauciflora operated at a level just sufficient to allow 
maximum CO 2 exchange. To open wider would not much have enhanced the 
rate of assimilation but would have increase rate of transpiration. In 
this sense the behaviour of the system was optimum. It is important 
to emphasize that stomatal conductance does not restrict CO 2 exchange 
of the leaves, but rather works in tune with the internal carbon 
fixation system. It has often been inferred that stomatal response to 
intercellular partial pressure of CO 2 is large, in the sense that it 
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has a strong tendency, due to a process of negative feedback, to 
maintain intercellular partial pressure of co 2 constant. The results 
described do not support this notion. The gain of the closed feedback 
loop, 1/(1-K ), in Zea mays was between 0.4 and 0.75, i.e. the stomatal 
·g 
response in Zea mays was sufficient to reduce perturbation in 
intercellular partial pressure of co 2 by 60 to 25%. The magnitude of 
1/(1-K) in Gossypium hirsutwn was between 0.72 and 0.97 implying the g 
stomatal response to co 2 in G. hirsutum was able to reduce perturbation 
in p. by 28 to 3 %. In E. pauciflora the magnitude of 1/(1-K) was 
l g 
about 0.8. It seems that the stomatal _response top. was larger in 
l 
Zea mays than in G. hirsutum and E. pauciflora . Farquhar, Dubbe and 
Raschke (1978) found that the open loop gain in Z. mays grown in a 
chamber was -3.6. Dubbe, Farquhar and R~schke (1978) found that the 
magnitude of the open loop gain increases in the presence of ABA. 
A second implication of the data is that stomatal response to co 2 
had hardly any influence at all in causing leaf conductance to 
increase with increase in irradiance at normal ambient partial pressure 
at least over the range of irradiance imposed in the 
experiments. The direct response of stomata to change to irradiance ·was 
sufficiently large to balance the influence of change in rate of 
assimilation and thus to maintain intercellular partial pressure of co 2 
substantially constant. It follows that the feedback loop associated 
with stomatal response to CO 2 was rendered inactive. 
Is it fortuitous that leaf conductance and rate of assimilation 
should increase with irradiance in so nearly a similar fashion that 
the ratio of the two, and therefore intercellular partial pressure of 
. co 2 , is maintained almost constant? Perhaps the assumption underlying 
equation 2 is incorrect, and we should write 
g = g(p., I, A) 
l (13) 
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That is to say, the stomata respond not only top. and I but to a signal 
l 
,1 generated during photosynthesis in the mesophyll and transmitted to 
the guard cell via the epidermis. There is no evidence that can be 
invoked to discount this possibility, a~d indeed increasing evidence 
that metabolites are translocated to guard cells (Dittrich and Raschke, 
1977) tends to be concordant with it. 
4 RELATIONSHIP BETWEEN LEAF CONDUCTANCE AND CO 2 ASSIMILATION AS 
AFFECTED BY SHORT TERM PERTURBATIONS OF THE LEAF 
4.1 Effect of Irradiance 
4.1.1 Introduction 
The notion of Scarth (1932) that stomatal opening in response to 
irradiance is a response to reduction of partial pressure of co2 in the 
substomatal cavity due to photosynthesis has received some experimental 
support (e.g. Freudenberger, 1941) and has been summarized by 
Ketallapper (1963), Meidner and Mansfield (1968) and Raschke (1975)." 
In contrast, Kuiper (1964) showed that stomata in epidermal strips of 
Senecio odoris responded to change in irradiance and not to change in 
partial pressure of co 2 . Other experiments both with epidermal 
strips (Fischer, 1968) and with intact leaves (Heath and Russell, 
1954) indicated that stomata respond both to changes in irradiance 
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per se and to change in partial pressure of co 2 in the vicinity of the 
guard cells. Results presented in Chapter 3 show that stomata responded 
to both intercellular partial pressure of co 2 , pi' and irradiance, I. 
The magnitude of the closed loop gain of the co 2 feedback loop of stomata 
suggested that stomatal response to CO 2 could only reduce disturbance 
in p. by about 60% in Zea mays and about 20% in both Gossypium hirsutum 
l 
and Eucalyptus pauciflora. Furthermore , in Section 3.5 it was shown that 
the response top. was unimportant in the case examined, as the direct 
l 
response of stomata to change in irradiance was sufficiently large to 
balance the influence of change in rate of assimilation and thus to 
maintain p . substantially constant. In· this section the relationship 
l 
between leaf conductance and CO 2 assimilation at different irradiances 
in intact leaves is examined further. 
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4.1.2 Plant materials 
Plants of Eucalyptus pauciflora Sieb ex Spreng, Zea mays L., and 
Gossypium hirsutum L. were grown as described in Sections 3. 5, 3.3 and 
3.4 respectively. 
4.1.3 Methods 
Gas exchange measurements were all done with a small double sided leaf 
chamber clamped onto the leaf as described in Section 7.2, except when 
measuring gas exchange with Eucalyptus pauciflora. Then the leaf chamber was 
turned 90° to clamp the vertically oriente~ leaf, and two mirrors were 
attached to each side of the leaf chamber at 45° to reflect light into both 
compartments of the leaf chamber; neutral density filters (Balzers, Liech-
tenstein) were used to vary irradiance on each side of the leaf. Ambient 
partial pressure of co2 , pa, was kept at 320 µbar during the measurements. 
Leaf temperature and water vapour pressure difference between leaf and air 
were maintained at 30°C and 20 mbar, respectively. Gas exchange measurements 
were made on the youngest fully mature leaf in two plants; both showed 
similar trends. Only one set of results is presented. 
4.1.4 Results and discussion 
Figure 4.0l shows leaf conductance, g, and co 2 _assimilation rate, 
A, in Gossypium hirsutum at four irradiances. The ratio A:g is almost 
constant. The relationship is similar to that found in Eucalyptus 
pauciflora (Figure 3. 25). In Figure 4 . 02 co 2 assimilation rate, A, 
is plotted against leaf conductance, g, in Zea mays grown at four 
levels of nitrogen nutrition and measured at four irradiances. Again 
g is proportional to A. The results imply that p. is kept constant, l 
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Fi ure 4 . 0l Relationship between assimilation rate , A, and leaf conductance 
g , in Gossypium hirsutwn at four irradiances . Measurements were made at 
ambient partial pressure of co 2 , pa' of 320 wbar, leaf temperature of 30°C 
and vapour pressure difference of 20 mbar . Numbers indicate values of p .. 
l 
The straight line is a linear function obtained by least square regression: 
2 f(x ) = 0 . 473+68 . 33x , r = 0 . 9861 . 
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Figure 4 . 02 Relationships between assimilation rate, A, and leaf conduc-
tance g , in Zea mays treated with four levels of nitroge~ nutrition: 
0 nutrient " A": .&. nutrient "B"· D nutrient "C"· • , nutrient 
' ' ' ' ' 
"D" as described in Table 3. 02 . Measurements were made at four levels of 
-2 - 1 irradiance : 0.25 , 0 . 5, 1.0 , 2.0 rnE rn s , ambient partial pressure of 
CO 2, pa' 320 µbar , leaf temperature 30°C and vapour pressure difference 
20 mbar . 
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at about 100 µbar in Zea mays and 220 µbar in Gossypium hirsutum at all 
irradiances and all levels of nitrogen nutrition. Similar results have 
been shown in Figures 3. l3 and 3.27. 
Leaves of Eucalyptus pauciflora generally have a vertical 
orientation. The internal anatomy shows a near isolateral structure with 
palisade mesophyll at both sides of the leaf and a thin layer of spongy 
tissue in between. Due to the thickness of the leaf, only~% of 
incident light is transmitted through the leaf. Table 4.0l and Figure 
4.03 show the magnitude of g and A when adaxial and abaxial surfaces 
of the leaves of Eucalyptus pauciflora were exposed to different 
irradiances. Leaf conductance, g, varies proportionally to A with 
p. being kept al~st constant at about 220 µbar. For a particular 
i 
surface g is not affected by the irradiance at that leaf surface, but 
correlates with A for that surface. Although the leaf of Eucalyptus 
pauciflora has a nearly isolateral internal structure, the abaxial 
-2 -1 
surface does not adapt to irradiance above 1 mE m s , and it also 
has a lower efficiency in the use of irradiance, e.g . when the adaxial 
surface is irradiated with 1 mE m- 2 s-1 , total A is 15% higher than 
when the same irradiance is given to the abaxial surface (Table 4.0l). 
On the other hand when the adaxial and abaxial surfaces each simultaneously 
receive 1 mE m- 2 s-1 , the total assimilation rate, A, is 30% higher than 
h l d · 1 f · 2 mE m- 2 s-l wen t1e a axia sur ace receives Nevertheless, in each 
individual epidermis leaf conductance g is proportional to A. Similar 
results, but with Zea mays , have been reported by Raschke (1966) - it 
did not matter which of the leaf surfaces was irradiated, aperture, as 
indicated by air flow through the .leaf, was constant as long as the 
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Table 4.0l Effects of irradiance on CO 2 assimilation rate, A, leaf 
conductance, g, and intercellular partial pressure of co 2 , pi, in 
Eucalyptus pauciflora . ·The double sided leaf chamber was oriented to 
clamp on a vertical leaf. Irradiance was reflected onto the adaxial and 
abaxial surfaces of the leaf by two mirrors attached 45° on each side of 
the chamber. Irradiance was varied by using neutral density filters. co 2 
assimilation rate, A, leaf conductance, g, and intercellular partial 
pressure of co 2 , pi, were measured at ambient partial pressure of co 2 , 
p, of 320 µbar, leaf temperature of 30°C and vapour pressure difference 
a 
of 20 mbar. 
Surface I, mE m- 2 s-l 
Adaxial 0.25 
Abaxial 0 
Total 0.25 
Adaxial 0.5 
Abaxial 0 
Total 0.5 
Adaxial 1.0 
Abaxial 0 
Total 1.0 
Adaxial 2.0 
Abaxial 0 
Total 2.0 
Adaxial 0 
Abaxial 0.5 
Total 0.5 
Adaxial 0 
Abaxial 1.0 
Total 1.0 
Adaxial 1 
Abaxial 0.1 
Total 1.1 
Adaxial 1 
Abaxial 0.2 
Total 1.2 
Adaxial 1 .0 
Abaxial 1.0 
Total 2.0 
g, mole m- 2 s-l 
0.08 
0.02 
0.10 
0.17 
0.04 
0.21 
0.18 
0.10 
0.28 
0.25 
0.13 
0.38 
0.04 
0.13 
0.17 
0.06 
0.17 
0.23 
0 . 20 
0.17 
0.37 
0.19 
0.17 
0.36 
0.24 
0.23 
0.47 
·-2 -1 A, µmole m s 
3.8 
0.6 
4.4 
7.8 
1.9 
9.7 
11.2 
4.9 
16.1 
13.6 
7.1 
20.7 
1.6 
7.7 
9.3 
3.4 
10.3 
13.7 
11.1 
8.0 
19.1 
11.5 
9.2 
20.7 
13.5 
13.5 
27.0 
p., µbar 
l 
220 
230 
225 
235 
236 
236 
211 
230 
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220 
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220 
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225 
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Figure 4. 03 Relationships between assimilation rate , A, and leaf conduc-
tance , g , in Eu alyptus pauciflora measured from adaxial surface (6), 
abaxial surface (D) , and both surfaces (e ) , with varying irradiances 
as described in Table 4. Ol . 
L 
71 
amount of irradiance received by the mesophyll remained constant. 
Hanebuth and Raschke (1973) drew the same conclusion from an 
experiment in which Zea mays was irradiated first on one side, and 
then on the other with monochromatic light. When Raschke, Hanebuth 
and Farquhar (1978) described the same experiments they concluded 
that leaf conductance in Zea rrays has only a small direct response to 
irradiance per se. A similar conclusion may be drawn . for E. pauciflora 
from the data presented in Table 4.0l. On the other hand, the indirect 
response of g to I is not mediated through p. asp. remains almost 
l l 
constant and the magnitude of 1/(1-K) / 0 (Table 3.0?). Leaf g 
conductance, g, is directly correlated with the rate of co 2 assimilation, 
A. 
4;2 Effect of Photoinhibition 
4.2.1 Introduction 
The light energy absorbed by green cells is used in the reduction of NADP, 
and photophosphorylation of ADP, which is subsequently used to reduce 
carbon dioxide. There is evidence that if the light energy is not so 
used then it can cause damage to the light harvesting centres of the 
chloroplasts. Jones and Kok (1966a, 1966b) demonstrated that chloroplast 
membrane fragments were incapable of assimilating carbon after they 
were irradiated in the absence of electron acceptors. A decrease in 
photosynthetic capacity was observed by Bjorkman and Holmgren (1963) 
when shade plants were exposed to high irradiance. It is hypothesized 
that this is due to the light harvesting capacity of the shade plants 
exceeding their capacity for electron transport and co 2 fixation, with 
.__ 
the results that the photochemical reaction centres were inactivated 
. by excess excitation energy (Bjorkman, 1973; Boardman, 1977). 
Powles and Osmond (1978) have shown that there is an 80% reduction of 
co 2 assimilation capacity when mature attc;:1.ched leaflets of Phaseolus 
-2 -1 
vulgaris are irradiated for three hours at 2 mE m s in co2 free N2 
containing 10 mbar o2 . These phenomena are examples of what is termed 
"photoinhibition". 
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Section 4.1 showed that leaf conductance, g, is linearly correlated 
with rate of co 2 assimilation, A, at various irradiances and different 
levels of nitrogen nutrition, so that intercellular partial pressure 
of co 2, pi' remains constant. An experiment will now be described 
in which the relationship between g, A and p. is investigated when A 
l 
is changed by means of photoinhibition. 
4.2.2. Plants materials 
Phaseolus vulgaris L. and Eucalyptus pauciflora Sieb. ex Spreng 
were grown in a glasshouse under full sunlight, the midday irradiance 
(400-700 nm) being about 2 mE m- 2 s-1 . Air temperature in the 
glasshouse was 32°C during the day and 20°C during the night. Relative 
humidity varied between 50 and 70%. The soil in which each plant was 
growing was flushed with 1£ of nutrient solution "A" (Table 3. 02) in 
the late afternoon. During the day the plants were watered lightly 
every three hours to compensate fo.r the water loss due to transpiration. 
4. 2. 3 Methods 
Rates of transpiration of water vapour and assimilation of CO 2 were 
measured using a small double sided glass and aluminium l eaf chamber 
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clamped to the leaf. Measurements were made on fully expanded leaves. Leaf 
conductance, g, and assimilation, A, were measured at an irradiance of 
2 mE m-2 s-l d b" 1 an am ient partia pressure of co2 , pa' of 100, 200, 320 and 
400 µbar. Leaf temperature and water vapour pressure difference between leaf 
and air were maintained at 30°C and 20 mbar, respectively. To promote photo-
inhibition, leaves were exposed to an irradiance of 2 mE m- 2 s-l and supplied 
with CO2-free N2 containing 10 mbar o2 . Details of gas exchange methods will 
be discussed in Section 7.2. Gas exchange measurements were made on the 
youngest fully mature leaf in two plants; both showed similar trends. Only 
one set of results is presented. 
4.2.4 Results and discussion 
In Figures 4.04 and 4.05~ rate of assimilation, A, and leaf 
conductance, g, in Phaseolus vulgaris are plotted as functions of 
intercellular partial pressure of co 2 , pi' before and after photo-
inhibition. After two hours of photoinhibition there is a 34% reduction 
in A and g when measured at pa of 320 µbar . At any particular pa' 
intercellular partial pressure of co 2 , pi' remains the same before and 
after photoinhibitory treatment. The magnitude of 8p./8p is 
i a 
unchanged at about 0.62. Table 4 . 02 shows the values of A, g and p. 
l 
measured in the adaxial, abaxial and in both surfaces taken in 
parallel before and after the photoinhibitory treat~ent. In Figure 4.06 
co 2 assimilation rates, A, in the adaxial, abaxial and total surfaces 
are plotted against the correspondin~ conductances, g, both before and 
after photoinhibitory treatment. A simple proportional relationship is 
observed . 
Similar phenomena are observed in Eucalyptus pauciflora. In 
Figures 4.0? and 4 . 08 assimilation A and leaf conductance, g, respectively, 
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Figure 4. 04 Assimilation rate , A, as functions of intercellular partial 
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Figu:re 4. 05 Leaf conductance , g , as functions of in£ercellular partial 
pressure of CO2 , pi ' in Phaseolus vulgaris before (0 ) and after (0 ) two 
hours of photoinhibitory treatment in co
2 
free N
2 
containing 10 mbar o
2 at an irradiance of 2 mE m-
2 
s - l Measurements were made at an irradiance 
-1 of 2 mE - 2 m 
s , ambient partial pressures of CO
2
, pa' of 100 , 200, 320 
and 400 µbar , leaf temperature of 30°C and vapour pressure difference of 20 
mbar . Closed symbols represent measurements made at p = 320 µbar . 
Numbers indicate values of p .. 
l 
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-2 -1 Table 4. 02 Rate of CO2 assimilation, A (µmol m s ), leaf conductance, 
-2 -1 
g (mole m s ), and intercellular partial pressure of co
2
, pi 
(µbar) measured from adaxial , abaxial and both leaf surfaces in Phaseolus 
' 
vulgaris before and after the photoinhibitory treatment. Conditions of 
gas exchange measurements : ambient partial pressure of CO
2
, pa' of 320 
- 2 -1 
µbar , irradiance , I, of 2 mE m s , leaf temperature of 30°C and vapour 
pressure difference of 20 mbar. 
Leaf Surface Treatment 
Total Pre-
Post-
Adaxial Pre-
Post -
Abaxial Pre-
Post -
A 
27 . 4 
18 . 2 
9 . 3 
5.6 
18 . 1 
12 . 6 
% control 
66 
60 
70 
g 
. 42 
• 2 9 
.15 
' \ 
.11 
. 27 
.18 
% control 
69 
73 
67 
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Relationship of assimilation rate, A, - and leaf conductance, g , 
in Phaseolus vulgaris before and after two hours of photoinhibitory 
treatment in CO 2 free N2 containing 10 mbar o2 , and at irradiance 
-2 - 1 -2 -1 2 mE m s . Me~surements were made at irradiance 2 mE m s , ambient 
partial pressure of CO 2 , pa of 320 µbar , leaf temperature 30°C, and vapour 
pressure difference 20 mbar . Symbols are : O , prephotoinhibition, both 
leaf surfaces ; ~ , prephotoinhibition, adaxial surface; e , pre-
photoinhibition abaxial surface ; D , postphotoinhibition, both surfaces; 
~, postphotoinhibition , adaxial surfac e ; ~ , postphotoinhibition, 
abaxial surface . 
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Figure 4. 0? Assimilation rate , A, as functions of - intercellular partial 
pressure of CO 2 , pi ' in Eucalyptus pauciflora before (0) and after two 
hours (D) of photoinhibitory tr eatmen t in CO 2 free N2 containing 10 mbar 
o2 at an irradiance of 2 mE m-
2 
s -l A second seven hour photoinhibitory 
treatment was g iven to the same leaf on the second day of the experiment 
-2 -1 (6 ) . Measurements were made at irradiance of 2 mE m s , ambient 
partial pressure of co 2 , pa ' of 100, 200, 320 and 400 µbar, leaf 
temperature of 30°C and vapour pressure difference of 20 mbar. Closed 
symbols represent measurements made at p = 320 µbar . Numbers indicate 
a 
values of p . . 
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pressure of CO 2 , pi ' in Eucalyptus pauciflora before (0 ) and after two 
ho u rs (0 ) of photoinhibitory treatment . A second seven hour photoinhibitory 
t r eatment was given to the same leaf on the second day of the experiment 
(~ ) . Details as described in Figure 4 . 07 . 
are plotted as functions of P .. There is a 30% reduction of A and g 
l 
after 3 hours of photoinhibitory treatment. A further 7 hours of 
photoinhibition on the second day of the experiment caused a total 
46% reduction in both A and g. As with Phaseolus vulgaris, p. 
l 
remains unchanged by photoinhibition because A and g are reduced in the 
same proportion. Table 4.03 shows A, g and p. measured from the 
l 
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adaxial, abaxial and total surfaces before and after each photoinhibitory 
treatment. Figure 4. 09 shows that a simple proportional relationship 
between A and g encompasses measurements taken both before and after 
photoinhibition. The results again suggest that leaf conductance, g, is 
closely related to A and not irradiance per se. The magnitude of 
dp./ap rules out the possibility that the co 2 feedback loop of stomata i a 
maintains p. at a constant level. The possibility that the linear 
l 
relationship between g and A is due to guard cells being subject to a 
similar degree of photoinhibition as the mesophyll cells can also be 
ruled out, because g and A in the abaxial surface are subject to the 
same (P. vulgaris~ Table 4.02) or a higher (E. pauciflora~ Table 4.03) 
degree of reduction by the photoinhibitory treatment. Typically, a 
leaf of Phaseolus vulgaris transmits 5% of incident irradiance through 
the mesophyll. Therefore the abaxial surface of the leaf receives 100 
-2 -1 µEm s of irradiance when the incident irradiance on the adaxial 
-2 -1 
surface is 2 mE m s A leaf of Eucalyptus pauciflora transmits 1% 
of the incident irradiance. As reported by Powles and Osmond (1978), 
photoinhibition is a function of the irradiance during the photoinhibitory 
treatment. No photoinhibition was detected in Phaseolus vulgaris at an 
-2 -1 irradiance of 100 µEm s Assays of photochemical activities of 
the chloroplast shows that the Hill reaction is inhibited by the photoinhi-
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-2 -1 Table 4.03 Rate of co2 assimilation, A (µmole m s ), leaf conductance, 
-2 -1 
g (mole m s ), and intercellular partial pressure of co
2
, pi (µbar) 
measured from adaxial, abaxial and both leaf surfaces in Eucalyptus 
pauciflora before and after each of the two photoinhibitory treatments. 
Conditions of gas exchange measurements: ambient partial pressure of CO
2
, 
-2 -1 Pa' of 320 µbar , irradiance, I, of 2 mE m s , leaf temperature of 30°C 
and vapour pressure difference of 20 mbar. 
Leaf Surface 
Total 
Adaxial 
Abaxial 
Treatment A 
Pre- 22.7 
Post 1st- 16.0 
Post 2nd- 12.3 
Pre- 13.9 
Post 1st- 10.3 
Post 2nd- 9.1 
Pre-
Post 1st-
Post 2nd-
8.8 
5.7 
3.2 
% control 
71 
54 
74 
66 
65 
36 
g 
.38 
.25 
. 20 
. 22 
.15 
.14 
.16 
.10 
.06 
% control 
66 
53 
68 
63 
63 
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Figure 4. 09 Relationship of assimilation rate , A , and leaf conductance, g, 
in Eucalyptus paucifloI'Cl before and after photoinhibitory treatments. 
Details as described in Figure 4 . 0? . Symbols are: O , prephotoinhibition, 
both surfaces; ~ , prephotoinhibition , adaxial surface; e , pre-
photoinhibition, abaxial surface; O , post-1st photoinhibition, both 
surfaces; ~ , post-1st photoinhibition, adaxial surface; ~ , post-1st 
photoinhibition, abaxial surface; D , post 2nd photoinhibition, both 
surfaces ; ~ , post-2nd photoinhibition, adaxial surface ; 
photoinhibition abaxial surface . 
~ , post-2nd 
83 
bitory treatment, while activities of RuP 2 carboxylase remain the same 
before and after the treatment (S.B. Powles, personal communication). 
That g is changed proportionally to A whether the latter is affected 
by change in irradiance or by photoinhibition strongly suggests 
that the control mechanism for g is similar in both cases. 
4.3 The Actions of DCMU and ABA 
4 . 3 . 1 Introduction 
The action of 3-(3,4-dichlorophenyl)-l,l-dimethylurea, DCMU, as an 
inhibitor of the Hill reaction in mesophyll photosynthesis is well 
documented (Wessels and van der Veen, 1956) . Kuiper (1964) observed 
a small decrease in stomatal aperture when epidermal strips of Senecio 
odoris were floated on 10-7 M DCMU solution for 20 minutes in light and 
at concentration of 10-5 M, DCMU caused complete stomatal closure. 
Humble and Hsiao (1970) showed that under anaerobic conditions opening 
of stomata in epidermal strips of Vicia faba was depressed by 20% in 
-6 
the presence of 10 M DCMU . Pallaghy and Fischer (1974) reported variable 
results with DCMU treated epidermal strips of Vicia faba. In one 
instance 5 x 10-6 M DCMU caused 84% reduction of stomata aperture, but 
in another only 13% reduction of stomatal aperture was observed. Partial 
closure of stomata of Rwnex congZomeratus had been reported when the 
-4 petioles of the detached leaves were treated with 10 M of 3-(4-chloro-
phenyl)-l,l-dimthylurea, CMU (which has the same action as DCMU (Wessels 
and van der Veen, 1956)), but the stomata would open again if the inter-
cellular spaces were flushed with CO 2 free air (Allaway and Mans f ield, 
1967). Raschke (1967) reported that co 2 assimilation and transpiration 
-
reduced by the same proportion over a course of 7 hours when detached 
-5 leaves of Zea may~ were treated with 10 M DCMU. 
The reduction of transpiration by abscisic acid, ABA, was reported 
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by Little and Eidt (1968) . Subsequently, Mittelheuser and van 
Steveninck (1969, 1971) and Jones and Mansfield (1970) observed stomatal 
closure due to application of ABA. From measurements of gas analysis 
in leaves treated with ABA and DCMU,Cummins, Kende and Raschke (1971) 
concluded that ABA acted on stomata directly. Recently, Zima and 
~estak (1978) reported that ABA had no significant effect on the 
activities of photosystems 1 and 2 in isolated chloroplasts. 
This section describes an investigation of the actions of a light-
reaction inhibitor, DCMU, and an inhibitor of stomatal opening, ABA, on 
the relationship between g and A. 
4.3.2 Plant materials 
Seeds of Gossypiwn hirsutwn were sown in 5£ plastic pots 
containing sterilized garden soil. To get uniform seedlings the 
seedlings were thinned from four to one per pot afte~ germination. 
The plants were grown under full sunlight, the midday irradiance 
(400-700 run) being about 2 mE m- 2 s-1 . Air temperature in the 
glasshouse was 32°C during the day and 20°C at night. Relative 
humidity varied between 50 and 70%. The soil in each pot was flushed 
daily with li of nutrient solution "A" (Table 3.02) in the late afternoon. 
During daytime the plants were watered lightly every three hours to 
compensate for the water loss due to transpiration. 
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4.3.3 Methods 
Rates of transpiration of water vapour and assimilation of co2 were 
measured using a small double sided glass and aluminium leaf chamber clamped 
onto the detached leaf. Most of the lamina was trimmed around the leaf chamber 
to reduce the evaporation load on xylem vessels in the petiole. Youngest 
fully exposed leaves were used. Ambient partial pressure of co2 , pa' was main-
tained at 320 µbar during the measurements. Leaf temperature and water vapour 
pressure difference between leaf and air were kept at 30°C and 20 mbar, 
respectively. The water taken up by the detached, transpiring leaves con-
tained 10-6 M ± cis-trans abscisic acid (Sigma Chemical Co.) or 5 x 10-6 M 
DCMU. Measurements were made over a time interval of 5 hours. Increasing 
inhibition was caused by differing accumulations of the inhibitors with time. 
Gas exchange measurements were made on three detached leaves from three dif-
ferent plants.; all showed similar trends. Only one set of results is presented. 
4.3.4 Results and discussion 
When the petiole of the detached leaf of Gossypium hirsutum was 
-6 immersed in 5 x 10 M DCMU, rate of co 2 assimilation, A, and leaf conduc-
tance, g began to decrease in about 20 minutes. During the following five 
hours, g decreased in the same proportion as A (Figure 4.ZO). Thus inter-
cellular partial pressure of CO 2, pi' remained virtually constant at 220 µbar 
as shown in Figuxie 4.ZZ. This is similar to the effects of irradiance and 
photoinhibition on g and A. As stomata on epidermal strips free of mesophyll 
cells do respond to DCMU treatments (Kuiper, 1964; Pallaghy and Fischer, 
1974), the proportionality between g and A maintained during DCMU treatment 
could be caused by similar, but independent responses of stomata and meso-
phyll. On the other hand, since the experiments have been repeated t h r ee 
times each over an interval of 5 hours it is hard to imagine tha t independent 
responses of stomata and mesophyll could be so well in tune that p. should. 
l 
remain so very nearly constant. 
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Figure 4. ll Relatio nship be t ween assimila t ion rate~ A, and intercellular 
partial pressure of co 2 , pi , in Gossypiwn hirsutum as influenced by 
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taken up by the detached transpiring leaves . The different points 
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( 
In contrast, when the petiole of the detached leaf of Gossypiwn 
-6 
·hirsutwn took up 10 M ABA, an inhibitor of stomatal opening, leaf 
conductance, g, began to decrease in about 20 minutes. Rate of CO 2 
assimilation, A, also decreased but was a curvilinear function of g 
(Figure 4 .lO)~ similar to the curves shown in Figure 3.25. This 
occurred because the decrease in g caused p. to decrease (Figure 4.ll) 
l 
and hence A was diminished in a way similar to that described in 
Figure 3.l9. 
In this section two types of relationships between g and A are 
identified. One occurs when stomata restrict co 2 assimilation rate 
by reducing p., thus generating a curvilinear relationship between 
l 
g and A as shown in Figure 4.lO. In the second type g and A change 
in the same proportion thus retaining a linear relationship. Raschke 
(1967) observed such a relationship, the ratio of the rates of 
transpiration and co 2 assimilation remaining constant when a detached 
leaf of Zea mays was treated with 10-S M DCMU. One can interpret 
the linear relationship between g and A as CO 2 feedback control of 
stomata maintaining p. constant. If the stomatal feedback loop, K 
l g 
had infinite open loop gain, then the closed loop gain would be zero 
and p. would remain constant. In fact, K in Gossypiwn hirsutwn is 
l g 
far from infinite (Table 3.05) and the magnitudes of 1/(1-K) suggest 
g 
88 
that the CO 2 feedback loop of stomata is only able to reduce disturbances 
in intercellular partial pressure of co 2 by about 10 to 20%. 
4.4 Surrunary 
Of all the short term perturbations, i.e. those due to change in 
irradiance, photoinhibition, and application of DCMU and ABA, discussed 
89 
in this chapter, all but the action of ABA give rise to linear relationships 
between g and A. The curvilinear relationship between A and g through 
the action of ABA on stomata is a typical characteristic of g controlling 
A. The linear relationship between g and A is of a different kind and 
occurred when photosynthetic metabolism was perturbed. These perturbations 
were all of a short term nature. In the next chapter I examine longer 
term effects. 
( 
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5 RELATIONSHIP BETWEEN LEAF CONDUCTANCE AND CO 2 ASSIMILATION AS AFFECTED 
BY LONG TERM CONTROL OF ENVIRONMENTS DURING GROWTH 
5.1 Effects of ~Iineral Nutrition 
5 . 1.1 Introduction 
The influence of mineral nutrition on rate of photosynthesis has 
been many times examined (see Natr, 1972). Briggs (1922) described the 
reduction in photosynthesis of Phaseolus vulgaris -grown in nutrient 
solution deficient in K, Mg , Fe or P . Deficiency of a nutrient reduced 
the rate of photosynthesis even when irradiance, temperature or ambient 
partial pressure of co 2 was limiting. Gregory and Richards (1929) found 
that photosynthesis decreased in N deficient plants. Photosynthesis 
and chlorophyll content per unit leaf area were reduced in the leaves 
of Pyrus cornmunis L . as nitrogen nutrient level decreased (Kriedemann 
and Canterform, 1971). Bouma (1970a) reported that a slight decline 
in the amount of nitrogen given to Trifolium subterraneum L. depressed 
net rate of co 2 uptake per unit leaf area . When net co 2 uptake was 
expressed per unit mass of chlorophyll, the effect. of changes in nitrogen 
supply on co 2 uptake largely disappeared, indicating a close relationship 
between CO 2 uptake and chlorophyll content of the leaves. Nitrogen 
deficiency reduced the chlorophyll concentration and photochemical 
capacity of the leaves of Beta vulgaris L. (Nevins and Loomis, 1970). 
The maximum rate of photosynthesis was reduced in leaves of all ages. 
This was correlated with a smaller leaf protein content and with a 
decrease in conductance . Shimsi (1967) reported that nitrogen deficiency 
markedly reduced stomatal opening . Shimshi though t that the effect of N 
deficiency on stomatal behaviour was mediated through its effect on leaf 
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chlorophyll content. Ryle and Hesketh (1969) demonstrated an increase 
in stornatal and mesophyll resistance to co 2 transfer in nitrogen deficient 
Zea mays. Yoshida and Coronel (1976) reported that photosynthetic rate 
and leaf conductance increased with increase of nitrogen nutrition. 
There was a linear relationship between rate of assimilation, A, and 
leaf conductance, g. 
The literature on the effects of phosphorus deficiency on assimilation 
rate is equivocal. Gregory and Richards (1929) reported that phosphorus 
deficient plants photosynthesized faster · than well manured plants. 
To the contrary, Apel and Lehmann (1969) reported a reduction of 
photosynthesis in P deficient young barley plants. Bottrill, Possingham 
and Kriedemann (1970) reported that P deficiency decreased photosynthetic 
rate in spinach plants. Bouma (1970b) concluded that P deficiency 
decreased both leaf expansion and photosynthesis. 
This section describes a study of the relationship between g and 
A when A is varied by supplying differing amounts of nutrients 
during growth. 
5.1.2 Plant materials 
Zea mays and Gossypiwn hirsutwn with differing nitrogen nutrition 
treatments were grown as described in Section 3.3.1. In the 
experiment with varying levels of phosphorus nutrition, Zea mays 
was grown as described in Section 3.3.1 but with different nutrient 
solutions. The composition of the nutrient solutions in the phosphorus 
nutrition experiment is shown in Table 5.0l. 
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Table 5. 0l Composition of nutrient solutions used in phosphorus nutrition 
experiments, based on Hewitt's nitrate type formula (Hewitt and Smith, 
1975). Composition of micronutrients is the same as in Table 3.02. 
Nutrient Solution 
Major elements A B C D 
-N03 (mM) 12 12 12 12 
-H2Po4 (mM) 1.33 0 . 53 0.133 0.04 
+ (rnM) 4 4 4 4 K 
Mg2+ (rnM) 1.5 1.5 1.5 1.5 
Ca 2+ (mM) 4 4 4 4 
Na + (mM) 1 . 33 0.53 0.133 0.04 
so 2-
4 (mM) 1.5 1 . 5 1.5 ·1. 5 
Cl (mM) 
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5.1.3 Methods 
Gas exchange. Rates of transpiration of water vapour and assimilation 
of co 2 were measured using a small double sided glass and aluminium 
leaf chamber clamped to the leaf. In Zea mays measurements were made 
on the 7th leaf from the base of 30 day old plants. In Gossypium 
hirsutum the youngest fully expanded leaves of 40 day old plants were 
used. Rate of co 2 assimilation ~nd stomatal conductance were measured 
-2 -1 · 
at an irradiance of 2 mE m s and an ambient partial pressure of co
2
, 
p, of 320 µbar. Leaf temperature and vapour_ pressure difference were a . 
maintained at 30°C and 20 mbar, respectiyely. Details of gas exchange 
methods will be discussed in Section 7.2. 
Enzyme activity measurements. Phosphoenol pyruvate (PEP) 
carboxylase and ribulose-1,5-bisphosphate (RuP
2
) carboxylase were 
assayed in that part of the leaf used in gas exchange measurement. 
The method for PEP carboxylase assay was similar to that of Hatch and 
Oliver (1978) but with some modifications. . 2 About 30 cm of leaf was 
ground at room temperature in a Ten Broeck tissue grinder with 5 ml 
of extraction solution containing: 50 rnM Hepes-KOH (pH 7), 10 mM 
Dit~iothreitol, 5 mM MgS0 4 , 1 mM EDTA Na 2 and 10 rnM ~aHC0 3
. A 0.1 ml 
. 
portion of the homogenate was used to determine chlorophyll concentration 
(Arnon, 1949). The remainder was then centrifuged at 2500 x g for 
5 min. The supernatant was used as the crude extract of carboxy~ase. 
The reaction mixtures for PEP carboxylase assay contained 50 mM 
Tricine-KOH (pH 8.3), 10 mM MgC1 2 , 5 mM NaHC0 3 , 5 mM glucose 
6-phosphate, 5 mM PEP, 0. 25 mM NADJ:\ 3 units of malate dehydrogenase 
and 20 µl of crude extract in a total volume of 3 ml. Activi-ty was 
measured at 30°C by following NADH oxidation at 340 nm. 
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· RuP 2 carbo~ylase was assayed according to the method of Lorimer et al. 
(1977), but with some modification. The extraction method was the same 
as that used for PEP carboxylase. With maize, in fact, the same 
crude extract was used for both carboxylase assays. The assay medium 
consisted of 100 mM Tricine-KOH (pH 8.1), 20 mM MgC1 2 , 1 mM RuP 2 
and 20 mM NaH14co3 , with a specific activity of 0.5 Curies mole-l 
Total volume of the medium was 0.5 ml. The assay was performed at 30°C 
under a fume hood in a scintillation vial. The reaction was initiated 
by the addition of 20 µl of crude extract and was allowed to proceed 
for 60 sec before being stopped by addi~g 100 µl of 2N HCl. The 
contents of the vials were then blown dry with compressed air, and 
eounted in the conventional manner. Protein concentration was 
determined by Lawry's method (Lowry et al., 1951). Total nitrogen 
was determined by the micro-Kjeldahl method. 
5.1.4 Results and discussion 
In Figure 5.0l relationships between co 2 assimilation rate, A, 
and leaf conductance, g, of 120 Zea mays plants grown in 4 levels of 
nitrogen nutrition are shown. The proportionality between A and g 
is obvious. The equation obtained from linear regression through 
the points is A= 0.2231+128.3 g, suggesting that A is almost zero 
when g is zero or v~ce versa . The correlation coefficient, r, is 
0.9862. A similar result was obtained by Yoshida and Coronel (1976) 
in rice plants grown with varying nitrogen nutrition. They 
interpreted the linear relationships as evidence that nitrogen 
nutrition affected leaf photosynthesis largely via its effects on 
stomata. In Figure 5.02 assimilation rates, A, of these plants is 
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Figure 5. 0l Rate of assimilation, A, versus leaf confluctance, g, in Zea 
M d · d · of 2 mE m-
2 
s-l and b · t mays . easurements were ma eat an irra iance am ien 
partial pressure of co
2
, pa of 320 µbar , leaf temperatures of 30°C and 
vapour pressure difference of 20 mbars . Each point represented a single 
plant , rate of assimilation is varied by differing nitrogen nutrition. 
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Figure 5. 02 Rate of assimilation , A , versus interc ellular partial pressure 
of CO 2 , pi ' in Zea mays . Measurements were made at an irradiance of 
- 2 - 1 
2. mE m s and ambien t partial pressure of co
2
, pa= 320 µbar , leaf 
temperature of 30°C and vapour pressure difference of 20 mbar. Each 
point represents a singl~ plant, rate of assimilation being varied by dif-
fering nitrogen nutritio n. Mean p . is 100 µba r, standard deviation is 7.8 . 
l 
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plotted versus their intercellular partial pressures of ·co 2 , pi. Although 
-2 -1 A varies from 11 to 58 µmole m s , p. is maintained almost constant. 
l 
The mean p. is 100 µbar, with a standard deviation of 8. 
l 
I? Figure 5.03 co 2 assimilation rate A is plotted against PEP 
carboxylase activity per unit leaf area. The fitted curves are 
hyperbolae obtained by least squares regression. There is ·a positive 
correlation between assimilation rate and PEP carboxylase activity. 
Assimilation rate increases with the increase of PEP carboxylase activity 
at low values but gradually levels off and appears to become saturated 
-2 -1 
at about 50 µmole m s This is due to the fact that in Zea mays 
plants with higher CO 2 assimilation capacities, A is often limited by 
. d. 2 E m- 2 s-l (full 1· h) h h b PEP irra iance, even at m sun ig t , rat er tan y 
carboxylase activity cf. Figures 3.05~ 3.0?~ 3.09 and 3. l3. One 
reason for the exceedingly high activity of PEP carboxylase compared with 
A is that carboxylase activity is assayed at saturating substrate 
concentration . It is commonly believed that in c4 plants the PEP 
carboxylase must have a higher activity than RuP 2 carboxylase in order 
to concentrate co 2 in the bundlesheath (Hatch and Osmond, 1976; Berry 
and Farquhar, 1978). 
In Figure 5. 04 assimilation rate is plotted against RuP 2 carboxylase 
activity per unit leaf area and a positive correlation is obvious 
again. Figure 5. 05 shows a near linear relationship between A and 
chlorophyll content per unit leaf area . The results suggest that A 
is a function of chlorophyll content and the activities of the carboxylase 
in the leaves. The linear relationship between A and g showed in 
I,, 
98 
70 
60 
• • 
• 
• • 
- •• 50 • Cl) 
N 
I • E 
(1) 40 • 
-0 • 
E 
'""' ~ 30 .... 
< 
20 
10 
0 ....___..____..____.._____.._______. ____ ___, _ _____, 
0 500 1000 1500 
PEP Ca rboxylase Activity, µmo I e m - 2 s -l 
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of 20 mbar . The smooth curve is a hyperbola obtained by least squares 
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Figure 5. 04 Rate of assimilation , A, versus RuP 2 carboxylase activity in 
- 2 -1 the leaves of Zea mays . Measurements of A were made at I of 2 rnE m s , 
pa of 320 µbar , leaf temperature of 30°C and vapour pressure difference of 
20 mbar . The smooth curve is a hyperbola obtained by least squares 
regression : f(x) = 62 . 71-(629.5/x), r 2 = 0 . 85 . 
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Figure 5. 05 Rate of assimilation , A, versus chlorophyll concentration in 
-2 - 1 leaves of Zea mays. Measurements of A were made at I of 2 mE m s , pa 
of 320 wbar , leaf temperature of 30°C and vapour pressure difference 20 mbar. 
The smooth curve is a quadratic function obtained by least squares regression: 
f(x) = 7.237+0.1064x-3.145·10-S x 2 , r 2 = 0.88. 
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FigU:t>e 5. 0l could not be the result of g controlling A. It is hard 
to imagine that chlorophyll content and the activities of the 
carboxylases in the leaves directly affect g to the same extent as they 
affect A. Furthermore it is unlikely that g and A change similarly 
as a result of co 2 feedback, because the magnitude of the CO 2 feedback 
loop gain of Zea mays discussed in Section 3.3 was such that the leaves 
of Zea mays could reduce disturbances in p. by no more than 60%. 
l 
As the variable in this experiment is nitrogen nutrition, it is 
of interest to relate the parameters discussed above to the total 
nitrogen content in the leaves . In Figure 5.06 assimilation rate 
is plotted as a function of total nitrogen content per unit leaf 
area. A positive correlation 'is evident . In FigU:t>es 5.0?~ 5.08 and 
5. 09 PEP carboxylase activity, RuP 2 carboxylase activity and chlorophyll 
content respectively , are plotted as functions of total nitrogen 
content per unit leaf area and all are positively correlated. This 
suggests that the increase in nitrogen content of the leaves enhances 
the chlorophyll concentration and activities of the carboxylases in 
the leaves . The combined result is an increase in the co 2 assimilation 
capacity of the leaves . On the other hand, there i~ no evidence that 
an increase in nitrogen content of the leaf will cause the increase 
of leaf conductance directly. 
Similar results obtained with Gossypium hirsutum; FigU:t>e 5. io 
shows a linear relationship between g and A measured at an irradiance 
of 2 mE -2 m -1 s The mean p. for these plants was 213 µbar (s.d. 9 µbar). 
l 
Although the same set of nutrient solutions used on Zea mays was 
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Figure 5. 06 Rate of assimilation , A, against total nitrogen content in the 
- 2 -1 leaves of Zea ma s . Measurements of A were made at I of 2 mE m s , pa 
of 320 µbar , lea£ temperature of 30°C and vapour pressure difference of 
20 mbar . The smooth curve is a quadratic function obtained by least 
-5 2 2 
squares regression : f(x) = 2 . 229+0 . 0869x- 3 . 619 · 10 x , r = 0 . 92 . 
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Figure 5. 0? PEP carboxylase activity versus total nitrogen content in the 
leaves of Zea mays . The smooth curve is a quadratic function obtained by 
2 2 least squares regression : f(x) = 127 . 3+0 . 3284x+0 . 0007956 x, r = 0.95 . 
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Figure -5.09 Chlorophyll concentration versus total nitrogen content in 
leaves of Zea mays. The smooth curve is a quadratic function obtained 
-4 2 by least squares regression : f(x) = - 84 .7 3+1 . 002x-4.224 · 10 x, 
2 
r = 0 . 93 . 
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Fiqure 5. lO Rate of assimilation , A, versus leaf conductance , g, in 
2 - 1 Go sypium hirsutum . Measurements were mad e at I of 2 mE m- s P of 
' a 
320 µbar , leaf temperature of 30°C, vapour pressure difference of 20 mbar. 
Each point repres e nts a single plant , r ate of assimilation being varied by 
differing nitrogen nutrition . The line was obtained by least squares 
2 
regression : f(x) = 1 . 876+63 . lJx, r = 0 . 85 . 
applied to Gossypium hirsutum~ the range of A obtained is much smaller 
_with Gossypium hirsutum (cf. Figures 5.oi and 5.io). This is due to 
the fact that Gossypium hirsutum produces less leaf area in response 
to low nitrogen so that high nitrogen concentration is maintained in 
the leaf. 
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In Figu:t1es 5. ii~ 5. i2 and 5 .. i3 assimilation rate is plotted against 
RuP 2 carboxylase activity , chlorophyll content, and total nitrogen 
content, respectively. In all three, A is positively· correlated with 
the "independent" variable . The notion of Brown (1978) and Berry and 
Farquhar (1978) that c4 plants have a g~eater nitrogen use efficiency 
than do c3 plants is confirmed from a comparison of Figures 5.06 and 
5. i3. -2 In Zea mays a c4 species, a nitrogen concentration of 400 mg m 
in the leaf will induce an assimilation rate of 20 µmole m- 2 s-l In 
-2 Gossypium hirsutum~ a c3 species, 1500 mg m of nitrogen is needed in 
-2 -1 
the leaves to induce an A of 3Q µmole m s In Figures 5.i4 and 5.is 
RuP 2 carboxylase activity and chlorophyll concentration, respectively, 
are plotted as functions of total nitrogen content of the leaves. 
Figure 5. is shows a linear relationship between A and gin of Zea 
mays plants in which A varied as a result of amounts of phosphorus 
supplied during growth. In Figure 5. i? assimilation rate is plotted 
as a function of p . . The mean p. is 102 µbar and the standard 
l l 
deviation is 5. 
In order to further investigate the correlation between g and A 
nutrient solution "A" was applied to 30 day old nitrogen deficient 
Zea mays previously treated with nutrient solution "D" (Table 3.02). 
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1
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Figure 5. l3 Rate of assimilation , A, versus total nitrogen content in the 
Measurements of A were made at I of leaves of Gossypium hir utwn . 
-2 - 1 
2 mE m s , pa of 320 µbar , leaf temperature of 30°C, vapour pressure 
difference of 20 mbar. The smooth curve is a quadratic function obtained 
-5 2 2 by least squar es regression : f(x) = - ll .7 1+0 . 04393x- l . 044 · 10 x, r = 0.86. 
111 
350 
-,. 
Cl) 300 N 
• I 
E • 
Cl) 250 -0 
E 
~ 
' •• >,.. 200 +-
·-> 
·-+-
u 
< 150 
Cl) 
Cl) • C • 
->,.. 
>< 100 0 
..0 
.... 
C 
u • 
N 50 a.. 
::> 
~ 
00 500 1000 1500 2000 2500 
Total Nitrogen Content, mg m -2 
Figure 5. l4 RuP 2 carboxylase activity versus total nitrogen content in the 
leaves of Gossypiwn hirsutwn . The smooth curve is a quadratic_ function 
-4 2 
obtain ed by least squares regression : f(x) = -335.5+0 . 5163x-l.087·10 x , 
2 
r = 0 . 89 . 
I 
r 
I 
If 
N 
I 
·E 
C) 
E 
... 
+-
C: 
O.> 
+-
C: 
o· 
u 
-
->-.. 
..c:· 
a. 
0 
Lo. 
0 
-
..c: 
u 
500r--~~-,--~~-y-~~-,-~~~y--~--, 
• 
• • 
400 
300 
• 
200 
100 
0 '------'---------L--___ __,__ __ ___. ___ ____, 
112 
0 500 1000 1500 2000. 2500 
Total Nitrogen Content, mg - 2 m 
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leaves of Gossypium hirsutum . The smooth curve is a quadratic function 
- L~ 2 . 
obta in ed by least squares reg r ession : f ( x ) = - 109.4+ 0 . SlOx- l.198·10 x, 
2 
r = 0 . 78 . 
I j 
-U') 
N 
I 
E 
Q) 
-0 
E 
~ 
... 
< 
113 
70------,1------,-1-----,-,----,-l---lr-----, 
60 -
50 -
40 -
30 - • 
• 
• 
• 
• 
20 • -
• 
10 -
I I 
0 .1 0.2 
g, 
• 
• 
-
.. 
• ,-
• 
• 
• 
• 
• 
I 
0.3 
mole 
I 
0.4 
-2 -1 
m s 
-
• • 
• 
• 
-
-
-
-
-
I 
0.5 0.6 
Figure 5. l6 Rate of assimilation , A, versus leaf conductance, gin Zea 
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Figure 5. l? Rate of assimilation , A, versus intercellular partial pressureofC0 2 
-2 -1 Measurements were made at I of 2 mE m s , p of 320 
a 
p ., in Zea mays . 
l 
Wbar , leaf temperature of 30°C, vapour pressure diffe rence of 20 mbar . 
Each point represents one single plant , rate of assimilation, A, being 
varied by differing levels of phosphorus nutrition . 
standard deviation is 5 . 3 . 
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Rate of assimilation, A, and leaf conductance, g, were measured at 
ambient partial pressure of co 2 , pa' of 100, 200, 320 and 400 µbar, and 
-2 -1 
at an irradiance of 2 mE m s , before and after the nutrient 
solution "A" treatment . In Figures 5.ZB and 5.Z9 successive sets of 
measurements of assimilation rate and leaf conductance in one of the 
plants are plotted as functions of p .. At p = 320 µbar, A increased 
i a 
from 19 to 33 µmole m- 2 s-l in the course of 15 days. Leaf conductance 
increased proportionally with A so that p. remained constant. Figure l . 
5.20 shows the relationship between g and A during the plant recovery 
from nitrogen stress. 
All the results presented in this section show that g and A vary 
proportionally when A is varied by .means of nitrogen nutrition and 
phosphorus nutrition . Assimilation rate, A, is positively correlated 
with chlorophyll content and carboxylase activity in the leaf which is 
in turn correlated to the nitrogen concentration in the leaves. There 
is no evidence that changes in nitrogen or phosphorus content of 
leaves cause direct changes in leaf conductance. As discussed 
previously the proportional relationship between g and A, with the 
associated constancy of pi' is unlikely to be du~ to short term co 2 
feedback. Experiments designed to examine possible long term effects 
on feedback associated with p. are now described. 
l 
5.2 Effect of CO 2 Enrichment During Ontogeny 
5.2.1 Introduction 
Previously it has been shown that the feedback loops involving p. 
l 
are only able to reduce the effects of disturbances top. by 60% at 
l 
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Figure 5. lB Rate of assimilation , A, versus intercellular partial pressure 
of CO 2 , pi ' in Zea mays , during recovery from nitrogen nutrition stress. 
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µbar , leaf temperature 30°C and vapour pressure difference 20 mbar . Closed 
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Figure 5. 20 Rate of assimilation , A, versus leaf conductance, g, in 
Zea mays at various days during recovery from nitrogen nutrient stress. 
-
Nutrient solution containing 24 mH of N0 3 was given to the soil 
daily after day 0 . Conditions of gas exchange measurements: ambient 
-2 -1 
partial pressure of CO
2
, pa= 320 µbar , irradiance, I= 2 mE m s , 
leaf temperature= 30°C, vapour pressure difference= 20 mbar . The 
line was obtained by least squares regression: f(x) = 1 . 145+120.Jx, 
2 
r = 0 . 9997 . 
most in Zea mays, but the conclusion pertains to experiments in which 
each perturbation of p was sustained for no longer than one hour. 
a 
I decided to exam~ne whether the magnitudes of loop gains might be 
different if perturbations were prolonged, and so imposed changes in 
pa during ontogeny. There is currently much interest in the influence 
119 
of partial pressure of co 2 on plant growth, as the global atmosphere 
partial pressure of co 2 is increasing by about 1 µbar per year at present 
and is expected to reach 380 µbar in the -year 2000 and .534 µbar in 
2025 (Baes et al.~ 1976). 
Reports of the influence of CO 2 enrichment on p·lant growth in the 
long term are conflicting. Photosynthesis and growth have been 
enhanced in crop plants such as tomata (Bishop and Whittingham, 1968; 
Tognoni et al.~ 1967), soybean (Cooper and Brun, 1967; Hofstra and 
Hesketh, 1975; Imai and Murata, 1976) sugar-beet, barley and kale (Ford 
and Thorne, 1967), wheat (Gifford, 1977). On the other hand, Raper and 
Peedin (1978) found that the rates of photosynthesis in tobacco plants 
grown in 400 bar CO 2 were higher than those of plants grown in 1000 µbar 
co 2 . The concluded that the influence of co 2 enhancement is to increase 
the capacity of the photosynthetic mechanism due to an irrnnediate, but 
temporary, elevation of net co 2 exchange rate ratner than cause a con-
tinuously elevated net CO 2 exchange rate. Neals and Nicholls (1978) 
showed that net rate of photosynthesis in 24 day old wheat plants was 
27% less with 600 µbar co 2 than with 300 µbar CO 2 . Thus it is also of 
interest to investigate whether or not the relationship between co 2 
assimilation rate, A, and leaf conductance, g, discussed in Chapter 4 and 
Section 5.1 remains the same in plants grown in a CO 2 enriched atmosphere. 
120 
5.2.2 Plant materials 
Zea mays L. Gossypiwn hirsutum L. and Eucalyptus pauciflora Sieb 
ex Spreng were grown in two glasshouses . One glasshouse was well 
ventilated, the ambient partial pressure of co 2 being about 330±20 µbar. 
The ambient partial pressure of co 2 in the other glasshouse was increased 
to about 640±15 µbar by injecting pure co 2 . The partial pressure of 
CO 2 was monitored and controlled by an URAS II (Hartman and Braun AG, 
Frankfurt , West Germany) Infrared gas analyser. The environments 
in the two glasshouses were similar. The plants were grown at four 
levels of nitrogen nutrition as described in Section 3.3.1. 
5.2.3 Methods 
Gas exchange measurements were made on youngest fully expanded 
leaves. Assimila-tion, A, stomatal conductance, g, and intercellular 
partial pressure of CO 2 , pi' were measured at an irradiance of 
-2 -1 2 mE m s and ambient partial pressures of CO 2 , pa, of 320 and 640 
µbar . Details of gas exchange methods are described in Sections 7.1, 
7.2 and 7.3. 
5.2.4 Results and discussion 
In Figure 5.2l assimilation rate, A, is plotted against leaf 
conductance, g, in Zea mays grown at p of 640 µbar and at four levels 
a 
of nitrogen nutrition,. Linear relationships between A and g are 
evident. The mean p. corresponding top = 320 µbar is 101 µbar 
i a 
with a standard deivation of 9. The mean p. corresponding top = 640 
i a 
µbar is 208 µbar with a standard deviation of 10 . Figure 5. 22 is 
similar to Fi gur e 5. 2l , except that it includes also the data for 
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Figure 5. 2l Rate of assimilation, A, versus leaf conductance, g, in Zea 
mays grown at 640 µba r ambient partial pressure of co 2 and four levels 
of nitrogen nutrition. Conditions of gas exchange measurements: 
pa= 320 and 640 µbar , I= 2 mE m- 2 s-1 , leaf temperature= 30°C, 
vapour pressure difference= 20 mbar . Smooth lines are linear functions 
obtained by least square regression, for p = 320 µbar, 
2 a 
f(x) = - 0 . 4161+129 . 6x, r = 0 . 988, mean of p . 
l 
= 101 mbar , standard 
deviation= 8 . 7 . For p 
a 
= 640 µbar, f(x) = 0.9749+249.6x, 
mean p. = 208 µbar , standard deviation= 10 . 
l 
2 
r = 0.99, 
• I 
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-Figure 5. 22 Assimilation rate, A, against leaf conductance, g, in Zea 
mays grown at ambient partial pressures of co 2 , of 330 and 640 µbar 
and four levels of nitrogen nutrition. Condition of gas exchange 
-2 -1 
measurements : p = 320 and 640 µbar, I= 2 mE m s , leaf temperature= 
a 
30°C , vapour pressure difference= 20 mbar . Closed symbols represent 
plants grown in 330 µbar CO 2 , open symbols represent plants grown in 
640 µbar co 2 . 
plants grown at 330 µbar, showing that enriched partial pressure of 
CO 2 during ontogeny does not affect the relationship between A and g 
in Zea mays ; p. at a given p is the same irrespective of the 
i a 
co 2 environment in which the plants were grown. 
Figure 5.23 shows a positive correlation between A, measured at 
320 and 640 µbar p and PEP carboxylase activity. Smooth curves are 
a 
hyperbolae obtained by least squares regression. Figures 5.24 and 
5. 25 shows A as function of RuP 2 carboxylase activity and chlorophyll 
content of the leaf. Since differen~ levels of nitrogen nutrition 
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are applied to Zea mays, it is of interest to examine the relationships 
between parameters relating to co 2 assimilation capacity of the plants 
and total nitrogen content. Figures 5.26~ 5.2?~ 5.28 and 5.29 show 
co 2 assimilation rate, PEP carboxylase activity, RuP 2 carboxylase 
activity and chlorophyll content of the leaves as functions of total 
nitrogen content of the leaves. These results indicate that nitrogen 
content of the leaves affects A through chlorophyll content and 
activities of the cabroxylases in the leaves. The increase of leaf 
conductance , g, with leaf nitrogen content probably occurs because 
g is modulated in some way by the capacity of the leaf to assimilate 
rather than as a direct result of an influence of nitrogen nutrition 
on guard cell metabolism. 
In Figure 5.30 the assimilation rates, A, of all these plants 
(irrespective of level of nitrogen nutrition) of G. hirsutum grown 
at p = 640 µbar are plotted against leaf conductance, g. Again, 
a 
proportionality between A and g is demonstrated. The mean intercellular 
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Figure 5. 23 Assimilation rate , A, versus PEP carboxylase activity per unit 
leaf area in Zea mays grown at ambient partial pressure of CO 2 of 
640 µbar and four levels of n it rogen nutrition . Conditions of gas 
- 2 -1 
exchange measurements : p = 320 and 640 µbar, I= 2 mE m s , leaf 
a 
temperature = 30°C , vapour pressure different= 20 mbar . Smooth curves 
are hyperbolae obtained at leas t squares regression: for p = 320 µbar, 
2 a 
f (x ) = 58 . 03 - 10560/x , r = 0 . 89 ; for pa= 640 µbar , f(x) = 73.39 - 13800/x, 
2 
r = 0 . 88 . Closed symbols represent pa= 320 µbar; open symbols 
represent p = 640 µbar . 
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Figure 5. 24 Rate of assimilation, A, versus RuP 2 carboxylase activity per 
unit of leaf area in Zea mays grown at ambient partial pressure of CO 2 of 
640 µbar and four levels of nitrogen nutrition . Conditions of gas 
-2 -1 
exchange measurements : pa= 320 and 640 µbar, I= 2 mE m . s , leaf 
temperature= 30°C, vapour pressure difference= 20 mbar . Smooth 
curves are quadratic functions obtained by least squares regression: for 
pa= 320 µbar , f(x) = - 3.623+1 . 7x-0.0125lx2 , r 2 = 0.90; for p = 640 µbar, 
2 2 a 
f(x) = - 5 . 397+2.079x-0.01414x, r = 0 . 90 . Closed symbols represent 
p = 320 µbar, open symbols represent p = 640 µbar . 
a a 
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-Figure 5. 25 Rate of assimilation, A, versus chlorophyll content per unit 
of leaf ar a in Zea mays grown at ambient partial pressure of co 2 of 
640 Wbar and at four levels of nitrogen nutrition . Conditions of gas 
-2 -1 
exchange m asurements : p
3 
= 320 and 640 wbar, I= 2 mE m s , leaf 
temperatur = 30°C , vapour pressure difference= 20 mbar . Smooth curves 
are quadratic functions obtained by least 
-5 2 Wba r, f(x) = 0 . 4458+0 . 1207x- 4 . 94 · 10 x, 
f(x) = - 3 . 691+0 . 1698x-8 . 127·10-S x 2 r2 = 
' 
squares regression: 
2 
r = 0 . 86; for p = 
a 
for p = 320 
a 
640 wbar, 
0.86 . Closed symbols represent 
p = 320 wbar , open symbols represent p = 640 wbar . 
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Figure 5. 26 Rate of assimilation , A, versus total nitrogen content in 
leaves of Zea mays grown at ambient partial pressure of co 2 of 640 µbar 
and four levels of nitrogen nutrition . Conditions of gas exchange 
-2 -1 
measurements : p = 320 and 640 µbar, I= 2 mE m s , leaf temperature= 
a 
30°C , vapour pressure difference= 20 mbar . Smooth curves are hyperbolae 
obtained by least square regression : for pa= 320 µbar, 
2 
= 61 . 15 - 12580/x, r = 0 . 81 ; for pa= 640 µbar , f(x) = 78 . 08-16750/x, f(x ) 
2 
= 0 . 83 . Closed symbols represent pa= 320 µbar, open symbols represent r 
p = 640 µbar . 
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Figure 5. 2? PEP carboxylase activity versus total nitrogen content in 
leaves nf Zea may grown at ambient partial pressure of CO 2 of 640 ~bar 
and four levels of nitrogen nutrition . The smooth curve is a quadratic 
f unction obtained by least squares regression : 
- 4 2 2 f (x ) = - 201 . 6+1 . SSlx- l . 712 · 10 x, r = 0 . 86 . 
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Figure 5. 28 RuP 2 carboxylase activity versus tot~l nitrogen content in 
leaves of Zea mays grown at 640 Wbar ambient partial pressure of CO 2 
and four levels of nitrogen nutrition. The smooth curve is a quadratic 
function obtained by least squares regression: 
-5 2 2 f(x) = -3 . 67+0 . 0688x-l . 331 · 10 x, r = 0 . 88. 
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Figure 5. 29 Chlorophyll content versus total nitrogen content in leaves 
of Zea mays grown at 640 Wbar ambient partial pressure of CO 2 and four 
levels of nitrogen nutrition. Smooth curve is quadratic function 
obtained by least squares regression : 
2 
r = 0.91. 
-4 2 f(x) = -110.5+1.076x -4. 409 · 10 x, 
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Figure 5. 30 Rate of assimilation, A, versus leaf conductance, g , in 
Gossypiwn hirsutwn grown at 640 µbar ambient partial pressure of CO 2 and 
four levels of nitrogen nutrition. Conditions of gas exchange measure-
-2 - 1 
ments : p = 320 and 640 µbar , I= 2 mE m s , leaf temperature= 30°C, 
a 
vapour pressure difference= 20 mbar . Lines were obtained by least 
2 
squares regression : for p = 320 µbar, f(x) = -l.196+61.19x, r = 0 . 96, 
a 
mean of p. = 217 Wbar, standard deviation= 7.5; for p = 640 µbar , 
i 2 a f (x) = l . 515+118.2x, r = 0 . 986, mean of p. = 420 µbar , standard deviation= 
l 
8 . 7 . 
-
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partial pressure of co 2 , p., corresponding top = 320 µbar and i a 
pa= 640 µbar are 217 and 420 µbar, respectively. Figure 5.3l is similar 
to Figure 5.30 except that it includes also the data for plant grown 
at 330 µbar. As with Zea mays (Figure 5. 22)j Figure 5. 3l clearly shows the 
increased ambient partial pressure of co 2 during ontogeny does not 
affect the relationship between A and g. 
Figure 5.32 shows the relationship between A and RuP 2 carboxylase 
activity. The high activity of RuP 2 carboxylase compared to the actual 
assimilation rate, A, is again due to the fact that RuP 2 carboxylase is 
assayed at saturating substrate concentration. In Figure 5.33 A 
is plotted against chlorophyll content of the leaves. As with Zea 
mays CO 2 assimilation rate, RuP 2 carboxylase activity and chlorophyll 
content of the leaves are functions of total nitrogen content of the 
leaves (Figures 5.34j 5.35 and 5.36). 
Similar observations were made with Eucalyptus pauciflora; co2 
enrichment during ontogeny does not change the relationship between A 
and g. Figure 5.3? shows proportionality between A and gin 
Eucalyptus pauciflora grown at normal ambient partial pressure of co 2 
and at four levels of nitrogen nutrition. The mean p. is 231 µbar 
l 
measured at pa of 320 µbar . At 640 µb ar p , the mean p . is 466 µbar. 
a i 
Figure 5. 38 shows that the same relationships between A and g occur in 
plants grown at 330 and 640 µbar ambient partial pressure of CO 2 . 
This section demonstrates that the relationship between A and g, 
and the magnitude of p., at a given p is not affected by the CO 2 i a 
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Figure 5. 3l Rate of assimilation , A, versus leaf - conductance, g, in 
Gossypium hirsutum grown at 330 and 640 µbar ambient partial pressure of 
co 2 and fou r levels of nitrogen nutrition . Conditions of gas exchange 
-2 -1 
meas ur ements : p = 320 and 640 µbar, I= 2 mE m s , leaf temperature= 
a 
30°C , vapour pressure difference= 20 mbar . Closed symbols represent 
plants grown in 330 µbar CO 2 , open symbols represent plants grown in 
640 µbar CO 2 . 
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Figure 5. 32 Rate of assimilation, A, versus RuP 2 carboxylase · activity in 
leaves of Gossypiwn hirsutwn grown in 640 wbar ambient partial -oressur.e of 
CO 2 and four levels of nitrogen nutrition. Conditions of gas exchange 
-2 -1 
measurements : p = 320 and 640 wbar, I= 2 mE m s , leaf temperature= 
a 
30°C , vapour pressure difference= 20 mbar . Smooth curves are quadratic 
functions obtained by least squares 
- 5 2 f (x) = 8 . 008+0 . 2274x- 5 . 333 · 10 x , 
- 3 2 f (x) = 14 . 9+0 . 3973x- l . 024 · 10 x , 
regression for p = 320· µbar, 
2 a 
r = 0 . 975, for p = 640 µbar, 
2 a 
r = 0 . 94 . Closed symbols represent 
p = 320 wbar , open symbols represent p = 640 µbar . 
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Figure 5. 33 Rate of assimilation, A, versus chlorophyll content in leaves 
of Gossypium hirsutum grown at 640 µba r ambient partial pressure of CO 2 
and four levels of nitrogen nutrition . Conditions of gas exchange 
-2 - 1 
measurements: p = 320 and 640 µbar, I= 2 mE m s , leaf temperature= 
a 
30°C , vapour pressure difference= 20 mbar. Lin~s were obtained by least 
2 
squar es regression : for 
for p = 640 µbar , f(x) 
a 
p = 320 µbar , f(x) = 9.919+0 . 09236x, r = 0 . 88 , 
a 2 
= -l l . 51+0.1439x, r = 0 . 80 . Closed symbols 
r epresent p = 320 µbar , open symbols represent p = 640 µbar . 
a a 
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Figure 5. 34 Rate of assimilation, A, versus total nitrogen content in leaves 
of Gossypiwn hirsutwn grown in 640 µbar ambient partial pressure of CO 2 
and four levels of nitrogen nutrition. Conditions of gas exchange 
-2 -1 
measurements : p = 320 and 640 µbar , I= 2 mE m s , leaf temperature= 
a 
30° vapour pressure difference = 20 mbar . 
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Figure 5 . 35 RuP 2 carboxylase activity versus total nitrogen content in 
leaves of Gossypiwn hirsutwn grown at 640 ~bar ambient partial pressure 
of co 2 and four levels of nitrogen nutrition . The smooth curve is 
a quadratic function obtained by ] east squares regression: 
4 2 2 f(x) = - 209 . 4+0 . 3028x- 5 . 335 · 10- x, r = 0 . 91. 
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Figure 5. 36 Chlorophyll content versus total nitrogen content in the 
leaves of Gossypiwn hirsutwn grown at 640 Wbar co
2 
and four levels of 
nitrogen nutrition. Smooth curves are quadratic function obtained 
by least squares regression: f(x) = -78 . 92+0 . 4637x-9 . 919·10-S x 2 , 
2 
r = 0.85. 
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Figure 5.37 Rate of assimilation, A, versus leaf conductance, g, in 
Eucalyptu pauciflora grown at normal ambient partial pressure of CO 2 
330 µbar and four levels of nitro gen nutrition. Conditions of gas 
-2 -1 
exchange measurements: pa= 320 and 640 µbar, I= 2 mE m s , leaf 
temperature= 30°C, vapour pressure difference= 20 mbar. Closed symbols 
repres en t pa= 320 bar, open symbols represent Pa= 640 µbar. Lines 
= 320 µbar, were obtained by least squares regression : for Pa 
f (x) 
2 
2 
= 0 . 6212+47 . 4x, r = 0.89; for p = 640 µbar , 
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r = 0 . 96 . 
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Figure 5. 38 Rate of assimilation, A, versus leaf conductance, g, in 
Eucalyptu pauciflora grown at 330 and 640 Wbar ambient partial 
pressure of CO 2 and four levels of nitrogen nutrition . Conditions 
140 
-
-
-
-
-
-2 -1 of gas exchange measurements : p = 320 and 640 Wbar, I= 2 mE m s , 
a 
leaf temperature= 30°C , vapour pressure difference= 20 mbar. Closed 
symbols represent plants grown in 330 wba r co 2 , open symbols represent 
plants grown in 640 Wbar CO 2 . 
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environment during ontogeny. The relationship is probably genetically 
controlled through internal metabolism. The mean P., when measured 
l 
at p = 320 µbar, is about 100 µbar in Zea mays and about 220 to 230 
a 
µbar in Gossypium hirsutwn and Eucalyptus pauciflora. 
5.3 Effect of Gradual Water Stress 
5.3.1 Introduction 
Hsiao (1973) has reviewed data on the sensitivity of stomata to 
water stress. Most data demonstrate a threshold level of water 
potential above which leaf resistance. remained constant. Threshold 
values are about -7 to -9 bars for tomata (Duniway, 1971) and the 
adaxial stomata of beans (Kanemasu and Tanner, 1969), -10 to -12 bars 
for soybean (Boyer, 1970) and the abaxial stomata of bean (Kanemasu and 
Tanner, 1969), and -12 to -16 bars for grape (Kriedemann and Smart, 
1971) and for greenhouse-grown cotton leaves (Jordan and Ritchie, 
1971). Once the threshold water status for stomatal closure is 
reached, leaf resistance increases sharply, rising 20- or 30-fold 
with a further drop in water potential of less than 5 bars (Jordan 
and Ritchie, 1971; Kanemasu and Tanner, 1969). Hsiao (1973) 
indicated that much of the reduction in CO 2 assi~lation in light 
during water stress is due to stomatal closure imped~ng the inward 
passage of CO 2 . 
There are several studies showing parallel reduction of CO 2 
-
assimilation and transpiration (or increase in leaf resistance) during 
the course of water stress. Brix (1962) showed that rates of 
photosynthesis and transpiration in loblolly pine and tomato decreased 
hand-in-hand during water stress. Rate of photosynthesis and leaf 
conductance declined in the same proportions in soybean and corn 
as a result of increasing water stress (Boyer, 1970). Observations 
with Acacia harpophylla (Brigalow) showed that A and g decreased in 
similar proportions even when phyllode water potentials were less 
than -50 bar; there was a linear relationship between the two (van 
den Driessche, Connor and Tunstall, 1971). Recently Takeda, Sugimoto 
and Agata (1978) showed that A and gin Zea mays decreased in similar 
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proportions as leaf water content reduced. All these authors concluded 
that the parallel changes between A and g (or rate of transpiration) 
during water stress were due to the direct effect of water stress on 
stomata. Decrease in A was explained as the consequence of stomatal 
closure . 
Some observations throw doubt on this conclusion. Electron transport 
in photosystem 2 of the chloroplasts isolated from desiccated sunflower 
leaves was inhibited (Potter and Boyer, 1973). Quantum yields measured 
in terms of CO 2 fixation at small irradiance in attached sunflower leaves, 
and photosystem 2 electron transport in isolated chloroplasts from 
sunflower leaves were both reduced 4-fold as a result of a decrease in 
leaf water potential from -3 to -15.3 bars (Mohanty and Boyer, 1976). 
It seems that abscisic acid did not cause the changes as it has been 
shown to have no effect on chloroplast photophosphorylation (Keck and 
Boyer, 1974) or on the relationship between A and p. in detached leaves 
l 
of several species (Dubbe et al. ~ 1978). 
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Parallel changes in A and g during the developemnt of water stress 
may be another example of a general relationship which obtains under 
a wide variety of ·growth conditions, as discussed in previous sections. 
This section describes experiments aimed to investigate the possibility. 
S . 3.2 Plant materials 
Seeds of Zea mays L. were sown in a 45i plastic bin containing 
sterilized garden soil . In order to get uniform seedlings the 
seedlings were thinned from four to one per bin after germination. 
The plants were grown under full sunlight, the midday irradiance 
- 2 - 1 (400-700 nm) being about 2 mE m s Air temperature in the 
glasshouse was 32°C during the day and 20°C at night. Relative htnnidity 
varied between 50 and 70% . The soil of the bin was flushed daily with 
lOi of nutrient solution "A" (Table 3.02) in the late afternoon. 
During the day the pl~nts were watered lightly every three hours to 
compensate for the water loss due to transpiration. Thirty days after 
germination watering was withheld. 
5 . 3 . 3 Methods 
Rates of transpiration of water vapour and a~similation of co 2 were 
measured using a small double sided glass and aluminium leaf chamber 
clamped to the leaf. Measurements were made on the 8th leaf from the 
base on the day watering was withheld and then every two to three days 
afterwards . Carbon dioxide assimilation and stomatal conductance were 
measured at an irradiance of 2 mE m- 2 s-l and ambient partial pressures 
of CO 2 of 100, 200, 320 and 400 wbar. Leaf temperature and vapour 
pressure difference were maintained at 30°C and 20 mbar respectively. 
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Details of gas exchange methods will be discussed in Section 7.2 This 
experiment has been done twice yielding similar results. Only one set 
of results is presented here. 
5 .·3. 4 Results and discussion 
In FigU:t'e 5. 39 assimilation rate is plotted as a function of p. 
l 
at intervals from the day water was first withheld. There is a 60% 
reduction in A between day O and day 14 when A is measured at pa= 320 
µbar . In Figure 5. 40 leaf conductance is plotted as a function 
of p .. One notices that g decreases as water stress increases, . in a 
l 
similar proportion to the decreases in A (Table 5.02). On the 14th 
day of water stress g is insensitive top .. In fact dg/8p . at p = 320 
1 1 a 
µbar become positive. In other words, there is a positive feedback 
response of g top., g increases asp. increases. Table 5.02 also 
l l 
shows that p. remains constant during the course of water stress. FigU:t'e 
l 
5. 4l shows a proportional relationship between A and g during water stress. 
Similar results were obtained by M.M. Jones (1979) in Sorghwn bicolor. 
Table 5. 03 shows the magnitude of various feedback loop gains during 
water stress. One sees that the magnitude of K are far from infinite g 
and quite variable. On day 14 K is even positive, which is due · to the g 
fact that 8g/8p. is positive (Figure 5.40) and is reflected in the 
l 
magnitude of 1/(1-K) becoming greater than 1. This could be due to g 
errors in measurement, 8g/8p. actually being equal to O and 1/(1-K) = 1. 
l g 
This would imply that stomata were totally insensitive top .. Although 
l 
the closed loop gain 1/(1-K) varies considerably the magnitude of g 
1/(1-Kg-KA) is remarkably constant with a mean of around 0.43 which 
implies that the leaf is able to reduce disturbances in p. by 57% only. 
l 
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Figure 5. 39 Rate of assimilation, A, versus intercellular partial pressure 
of CO 2 , pi ' in Zea mays on various days after withholding watering. 
Conditions of gas exchange measurements : ambient partial pressure of 
-2 - 1 
CO 2 , pa ' at 100 , 200, 320 and 400 µbar , I= 2 mE m s , leaf 
temperature= 30°C, vapour pressure difference= 20 mbar . Closed 
symbols represent p = 320 µbar . 
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Figure 5. 40 Leaf conductance , g , versus intercellular partial pressure of 
CO 2 , pi' in Zea mays on various ciays after withholding watering . 
Conditions of gas exchange measurements: ambient partial pressure of CO
2
, 
-2 -1 p , at 100 , 200 , 320 and 400 µbar, I= 2 mE m s , leaf temperature= a 
30°C , vapour pressure difference= 20 mbar . Closed symbols represent 
p = 320 µbar . 
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Table 5.02 Rate of assimilation (µmole m-2 s-1 ), A, leaf conductance, 
-2 -1 (mole m s ), g, and intercellular partial pressure of co 2 (µbar), p., l 
in Zea mays during the imposition of water stress. Measurements were 
made at an irradiance of 2 mE m-2 s-1 , ambient partial pressure of co2 , 
p , of 320 µbar, leaf temperature of 30°C and vapour pressure difference 
a 
of 20 mbar. 
Day A % reduction g % reduction p, 
l 
Day · o 46.8 0. 363 98 
Day 4 43 8 0.331 9 95 
Day 11 35.5 24 0.269 26 92 
Day 14 19.5 58 0.15 59 95 
-~~ - - - -~--------- - - - - - - - - - - - - - - - - - - - - - ........ 
1' 
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Figure 5. 4l Assimilation rate , A, versus leaf conductance , g, in Zea 
mays on various days after withholding watering . Conditions 0f gas 
exchange measurements : ambient partial pressure of CO 2 , pa = 320 lJbar, 
- 2 - 1 I= 2 mE m s , leaf temperature= 30°C , vapour pressure difference= 
20 mbar . The l i ne was obtained by least square regression : 
2 f(x ) = 0 . 4427+128 . Sx , r = 0 . 9992 . 
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Table 5.03 The magnitudes of various loop gains in Zea mays during water 
stress. Kg and KA are open loop gains of the upper, conductanc e loop and 
and lower, assimilation loop depicted in Figure 3.02; 1/(1-Kg) and 1/(1-KA) 
are the corresponding closed loop gains. The quantity 1/(1-Kg-KA) is an 
estimate of dp./dp , the sensitivity of internal partial pressure of co2 i a 
to change in ambient partial pressure of co2 . 
Day K KA 1/(1-K) _1/(1-KA) 1/(1-K -K) g g g A 
Day 0 -0.43 -0.89 0. 70 0.53 0.43 
Day 4 -0.24 -0.94 0.81 0.52 0.46 
Day 11 -0.61 -0.93 0.62 0.52 0.39 
Day 14 0. 2 7 -1.65 1.37 0.38 0.42 
Therefore one can conclude that the reduction of A during slow water 
stress in Zea mays is not due to stomatal reduction of p., but is 
l 
rather a direct response of A to water stress, probably through the 
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mechanism described by Potter and Boyer (1973) and Mohanty and Boyer 
(1976). The changes in g follow the changes in A as has been described 
in other sections. If g were controlling A by limiting p. during water 
l 
stress, the relationship between A and g would not be a linear one, but 
rather a curvilinear one as with the effect of ABA on a detached leaf, 
as described in Section 4.3. The results rep.orted by Brix (1962), Boyer 
(1970) van den Driessche et al. (1971) and Takeda et al. (1978) should be 
re-evaluated to determine whether the decrease in A is controlled by 
stomata, as the authors claimed, or whether A is directly responsive 
to the decrease of water in the leaf as in the case of Zea mays 
results presented above. 
One instance where g seems to control A during the imposition of 
water stress if from an experiment reported by Lawlor and Fack (1978) 
in which roots of Zea mays were transferred from Arnon and Hoagland 
solution to -2.5, -5 and -10 bar polyethylene glycol solution directly. 
If one extracts the data from Lawlor and Fock's graphs of A and gas 
functions of water potential and plots A as a function of g, one sees 
a curvilinear relationship (Osmond, Winter and Powles, 1979), 
suggesting g controlling A. 
5.4 Effect of Irradiance During Growth 
5.4.1 Introduction 
The photosynthetic characteristics of sun and shade plants has 
recently been reviewed by Boardman (1977). Compared to shade plants, 
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the sun plants have higher assimilation rates at saturating irradiance 
and higher soluble protein to chlorophyll ratios. Medina (1970) 
showed that co 2 assimilation rate at saturating irradiance of AtripZex 
5 -2 -1 patuZa spp. hastata grown under an irradiance of 1 x 10 erg cm s 
-2 -1 (about 0.5 mE m s ) was two times higher than the same species grown 
5 -2 -1 -2 -1 
under 0.35 x 10 erg cm s (about 0.175 mE m s ). The RuP 2 
carboxylase activity per unit leaf area was four times higher in 
plants grown under the higher irradiance. Bjorkman et al. (1971) 
showed that the irradiance saturated assimilation rate, on a leaf 
areas basis, for AtripZex patuZa gro~ at high irradiance (0.92 mE m- 2 s-1 ) 
was 1.4 times greater than that for the plant grown at intermediate 
irradiance (0.29 mE m- 2 s-1 ) and 5 times greater than for the plants 
1 · d. (0.09 mE m- 2 s-1 ). grown at ow irra iance Conversely, the assimilation 
rate at rate-limiting-irradiance was higher in the plant grown at low 
irradiance. The leaf conductance in each of the plants grown at three 
different irradiances imposed only a minor restriction on the assimilation 
rate. The chlorophyll content per unit leaf area in plants grown under 
low irradiance was 20% lower than for plants grown under high irradiance, 
but there was a 60 % reduction in soluble protein content per unit leaf 
area in plants grown under lower irradiance. This implies that the 
soluble protein to chlorophyll ratio was lower in plants grown under low 
irradiance . 
Louwerse and van der Zweerde (1977) reported a linear relationship 
between A and gin Zea mays grown under irradiances of 17, 84 and 245 J 
-2 -1 -2 - 1 
m s (about 0 . 08, 0.39 and 1.13 mE m s ) . They concluded that 
this was due to stomata stabilizing the partial pressure of co 2 in the 
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intercellular spaces at a constant level. This section describes a 
study of the relationship between A and gin plants grown under 
different irradiances. Of particular interest is the growth of sun 
species under shade, causing change in the soluble protein to chlorophyll 
ratio. 
5.4.2 Plant materials 
Seeds of Zea mays and Phaseolus vulgaris were sown outdoors 
in 5£ plastic pots in summer. Maximum air temperature during daytime 
was 32°C and minimum night time temperature was 18°C. Minimum relative 
humidity was 30%. The plants were grown under three maximum midday 
irradiances: -2 -1 0.12, 0.5 and 2.1 mE m s Sarlonshade (Sarlon 
Australia, Waterloss, N~S.W., Australia) netting was used to provide 
the diminished irradiances. The plants were fed with nutrient solution 
"A" (Table 3. 0 2) in the late afternoon, daily. They were watered 
lightly every three hours. 
5.4.3 Methods 
The youngest fully expanded leaves of 30 day old plants were used. Assim-
ilation rate, A, and leaf conductance, g, were measured at ambient partial 
pressure of CO
2
, pa' of 320 µb ar. Leaf temperature and vapour pressure dif-
ference were maintained at 30°C and 20 mbar respectively. In the experiments 
with Phaseolus vulgaris gas exchange measurements were made on two different 
plants; both showed similar trends. Only one set of results is presented. 
5.4.4 Results and discussion 
In Figure 5.42 assimilation rate, A, is plotted against leaf 
conductance, g, in Zea mays grown under three irradiances . Gas 
exchange measurements were made at saturating irradiance. There is 
a proportional relationship between A and g, such that p. remains 
l 
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Figure 5. 42 Rate of assimilation, A, versus leaf- conductance, g, in Zea 
may grown under different irradiances, I ' during ontogeny . Symbols 
0, midday I 2 mE -2 - 1 • midday I 0.5 mE 
-2 -1 
are : = m s = m s 
' ' 
I::. midday I 0 . 12 mE m -2 -1 Conditions of exchange = s gas 
' 
. 
measurements : ambient partial pressure of CO 2 , pa =320 µbar , leaf 
temperature= 30°C , vapour pressure difference= 20 mbar. Saturating 
-2 -1 -2 -1 
irradiance was used : for plants grown under 2 mE m s I= 2 mE m s ; 
- 2 1 -2 -1 for plants grown under 0 . 5 mE m s I= 1 . 2 mE m s for plants 
-2 -1 -2 -1 
grown under 0 . 12 mE m s , I= 0 . 7 mE m s . 
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constant for all plants irrespective of · the irradiance at which they 
were grown . It is remarkable that the values of A and consequently those 
-2 -1 
of g are almost the same in plants grown under full sunlight (2 mE m s ) 
-2 -1 
and in medium shade (0.5 mE m s ) . 
Table 5.04 shows the values of A, g and p. at various irradiances l 
.in. Phaseolus vulgaris grown under full sun and in shade. It shows that 
the p. of the sun plant remains substantially constant when I varies 
l 
-2 -1 from 0.23 to 1.9 mE m s This means increase in g- was proportional 
to increase in A as I was increased. On the other hand, A in the shade 
plant saturates at about 1 . 15 mE m- 2 s-l whereas g continues to increase 
with further increase of I , so that p. also increase with I. This is 
l 
exceptional behaviour in my experience and is probably associated with 
the low protein to chlorophyll ratio in plants grown under low irradiance; 
it will be thoroughly discussed in the concluding chapter (Chapter 6). 
The proportional relationship between A and g exhibited by plants 
grown under different irradiances cannot be a case of stomata 
stabilizing intercellular partial pressure of co 2 at a constant level, as 
Louwerse and van der Zweerde (1977) claimed . Table 3.0l shows that 
the magnitude of closed loop gain, 1/(1-Kg-KA) is about 0.4 which implies 
the stomata in Zea mays can reduce disturbances in intercellular partial 
pressure of CO 2 by 60% only. 
5 . 5 Summary 
In this chapter I have examined the effect of long term differences 
in growth environments, i.e. those due to variation in nutrition status, 
ambient partial pressure of co 2 , water stress, and irradiance, on the 
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Table 5.04 Rate of assimilation, A, leaf conductance, g, and intercellular 
partial pressure of co 2 , p., measured at differing irradiances, I, in . l 
Phaseolus vulgaris grown under full sunlight (midday irradiance = 
-2 -1 2 1 2 mE m s ) and in shade (midday irradiance = 0.12 mE m- s- ). 
Conditions of gas exchange measurements: ambient partial pressure of 
co2 , pa= 320 µbar, leaf temperature= 30°C and vapour pressure differences 
= 20 mbar. 
Phaseolus vulgaris grown under full sun 
I A (measure) 
-2 
m.E m-2 s-1 µmole m -1 s 
0.23 5 .3 
0 . 52 13.6 
1 .15 21.9 
1.9 25.5 
Phaseolus vulgaris_ grown under shade 
1 (measure) A 
2 1 -2 -1 mE m- s- µmole m s 
0.23 
0.52 
1.15 
1.56 
1.9 
6.6 
8.1 
8.5 
8.5 
8.5 
g 
mole m- 2 s-1 
0.11 
0.26 
0.40 
0.48 
g 
-2 -1 
mole m s 
0.13 
0.16 
0.17 
0.18 
0.2 
p. 
l 
µbar 
230 
225 
220 
222 
p. 
l 
µbar 
228 
227 
232 
234 
242 
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relationship between assimilation rate and leaf conductance. Proportion-
ality between A and g holds for all these variations in environment, 
except in PhaseoZus vuZgaris grown under shade in which g increased 
marginally with irradiance at a level at which A was saturated, 
therefore increasing intercellular partial pressure. 
Figure 5. 43 is composed from data presented in Figures 3.Z4~ 5.0Z~ 
5. Z6~ 5. 20 and 5. 4Z. It shows that at normal ambient conditions 
stomata of Zea mays are open just sufficiently to allow maximum co 2 
assimilation rate . Because they are no more than sufficiently open, 
rate of water use is the minimum possible corresonding to the 
maximum assimilation rate . This is true at all levels of nitrogen 
and phosphorus nutrition, during recovery from nitrogen stress and during 
slow water stress . I have shown that control of the stomata resides not 
in their sensitivity top . ; it is probably due to a sensitivity to 
l 
some other parameters associated with the process of photosynthesis, 
and possibly transmitted to the guard cell However 
this is achieved , it is evident that the control provides maximum water 
use efficiency at maximum rate of vegetative growth. 
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Figure 5. 43 Relationships between assimilation rate, A, and leaf con-
ductance , g , in Zea mays . Assimilation rates and leaf conductance 
db 11 b 1 d · d. 2 mE m- 2 s-l represente ya sym o s were measure at irra iance , 
ambient partial pressure of co 2 320 µba r, leaf temperature 30°C and 
vapour pressure different 20 mbar. The data points shown as• 
represent plants having received different amounts of nitrogen and 
phosphorus nutrients . The symbol D is used for data points obtained 
during the period of recovery of o nitrogen deficient plant after nitrogen 
nutrient was given . The symbol 6. is used for data points obtained 
during applying slow water stress to a plant . The continuous curves 
r epresent the variation of A that would occur if g were independently 
perturbed in four plants having differing photosynthetic capacities due 
to differing levels of nitrogen nutrient . The actual values of A and g 
corresponding to ambient partial pressure of co 2 , Pa of 320 ·µbar are 
indicat d by the syombols • . This figure is a combination of Figures 
3. l4 J 5. 0lJ 5 . l6J 5. 20 and 5. 1l . 
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6 CONCLUSION AND SPECULATION 
In Chapters 4 and 5 I have shown that rate of CO 2 assimilation, A, 
is proportional to leaf conductance, g, whenever the primary source of 
variation is one which affects the mechanisms of photosynthetic carbon 
fixation, e.g. irradiance during gas exchange measurements, photoinhibition, 
DCMU, nitrogen and phosphorus nutrition and irradiance during ontogeny. 
There are many other reports of gas exchange measurements for which the 
same proportional relationship between A and g can be derived; for 
example with Phaseolus vulgaris (Davis and Mccree, 1978; Goudriaan and 
van Laar, 1978) and Oryza sativa (Ishihara et al., 1972) leaves of 
varying age, with Phaseolus vulgaris and Zea rrays palnts grown at 
differing irradiance during ontogeny (Louwerse and van der Zweerde, 
1972), and Oryza sativa plants given differing amounts of nitrogen 
nutrition (Yoshida and Coronel, 1976) and with leaves of Phaseolus 
vulgaris~ Zea mays and Imperata cylindrica subjected to differing 
irradiances during experiment (Goudriaan and van Laar, 1978). Also, 
it has become apparent that water stress, provided it is impo.sed 
slowly, causes a decline in both A and g such that intercellular partial 
pressure of CO 2 , pi, remains substantially constant, the implication 
being that stress directly affects the photosynthetic electron transport 
chain (Keck and Boyer, 1974; Mohanty and Boyer, 1976). I have found 
this to be so with Zea mays in which diminution of soil water resulted 
in a 40% decrease in A and g , but p. remained constant at about 100 µbar, 
l 
and it is evident in other published data for Zea mays (Takeda, Sugimoto 
and Agata, 1978), Sorghum bicolor (Jones, 1979), Eucalyptus socialis 
(Collatz,Ferrar and Slatyer, 1976) and Acacia harpophylla (van den 
Driessche, Connor and Tunstall, 1971). 
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In eight c3 species which have been examined pi is maintained at 
about 220 µbar and in four c4 species pi is maintained at about 
100 µbar (Table 6.0l). These observa t ions were made at an ambient partial 
-2 -1 pressure of co 2 of 320 µbar , at an irradiance of 2 mE m s , with 
a vapour pr essur e difference between leaf and air of 20 mbar and with 
a leaf temperature of 30°C . 
A linear relationship between A and g does not indicate that stomata 
control rate of assimilation. When the source of variation is a 
treatment which directly affects stomata only, the resultant variation 
in rate of assimilation (caused by the influence of leaf conductance 
on intercellular partial presure of CO 2 , pi) is different, and gives 
rise to the curvilinear relationship i n Figures 3.l4~ 3.25 and 4.lO. 
For example when stomatal aperture is reduced through the action of 
abscisic acid , whi ch has no direct effect on photosynthetic metabolism 
(Dubbe , Farquhar and Raschke, 1978; Zima and Sestak, 1978), assimilation 
rate, A, is approximately a rectangular hyperbola in g, consistent with 
the expectation that decrease in A is roughly proportional to decrease 
in p. (Figure 4 . lO) . The curves of similar shape in Figures 3.l4 and 
l 
3.25 are computed from measurements of the influence of p. on A 
l 
(pi having been varied by varying ambient parital pressure of co2 , pa). 
Such curves are realised in practice as a result of variation in ambient 
humidity (Singh and Tsuneda, 1978; Schulze et al.~ 1972) and rapid 
imposition of water stress (Troughton and Slatyer, 1969; Lawlor and 
Fock , 1978) . 
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Table 6. Ol 
(mole m- 2 
Rate of co2 assimilation (µmole m-
2 
s-
1), A, leaf conductance 
s-
1 ), g, and intercellular partial pressure of CO 2 (µbar), pi' 
-2 -1 
of c3 and c4 species measured at an irradiance, I, of 2 mE m s , 
ambient partial pressure of co2 , pa, of 320 µbar, leaf temperature of 
30°C and vapour pressure difference of 20 mbar. 
A 
c3 species 
Atriplex hastata* 2 9. 8 
Eu.calyptus camaldulensis* 35 .4 
Eucalyptus pauciflora 26.0 
Gossypium hirsutum 33.0 
Helianthus annuus* 26.7 
Phaseolus vulgaris* 23.0 
Rumex acetosa* 14.0 
Spinacia oberacia * 22.2 
c4 species 
Amaranthus edulus* 34.0 
Imperata cylindrica* 20.3 
Pennisetum purpureum* 55.7 
Zea mays 53 
* Data of S.B. Powles 
g 
0.55 
0.512 
0 .46 
0.55 
0.5-SB 
0 .42 
0.19 
0.306 
0.25 
0.142 
0.412 
0.385 
p. 
l 
233 
209 
230 
224 
243 
230 
202 
204 
102 
94 
104 
100 
I,, 
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What then are the mechanisms responsible for the linear relationships 
between A and g? There are three possible kinds. Firstly, stomata 
may respond directly and independently to all the factors that 
influence photosynthetic carbon fixation - DCMU, nitrogen and phosphorus 
nutrition , irradiance , age, irradiance during ontogeny etc. Among 
these , only the effect of DCMU and irradiance have been studied in any 
detail . The results of application of DCMU to epidermal strips have 
been equivocal (Raschke , 1975) . The direct responses of stomatal 
aperture in Zea mays leaves (Raschke, Hanebuth and Farquhar, 1978) 
to change in irradiance a r e small , - quite insufficient to account for 
the large changes in conductance shown in Figures 3. l3 and 3.27. 
The close proportionality between A and g under a variety of conditions 
is suggestive of a closer link than that provided by similar independent 
responses. 
Secondly, the link which first suggests itself is that involving 
intercellular partial pressure of co 2 , the hypothesis being that 
stomata respond to changes in p. in a sense that tends to maintain p. 
l l 
constant by a process of negative feedback. Raschke (1975) and 
Raschke et al. (1978) have attributed the variation in leaf 
conductance with variation in irradiance to this mechanism. If the 
open loop gain of the feedback loop were infinite then p. would be 
l 
maintained exactly constant and of necessity g would change 
proportionally to A. Alsop. would be maintaine d constant when ambient 
l 
partial pressure of CO 2 , Pa, is changed. This last propos ition is 
readily tested. It is found (Figures 3 . 03 ., 3 . 04 and 3. 23) t hat 
dp. / dp is 0.4 in Zea mays and 0.7 i n Eucalyptus pauciflora . Table 3. 0l 
i a 
summarizes the results; the closed loop gains 1/(1-K -KA), (=8p./8p) g i a 
in Zea mays~ Gossypium hirsutum and Eucalyptus pauciflora . are never 
close to zero. Apart from a report (Goudriaan and van Laar, 1978) 
concerning Zea mays at high p , I know of no instance when the 
a 
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coefficient 8p./8p has been found to approach closely to zero (Dubbe, 
i a 
Farquhar and Raschke, 1978). It follows that the co 2 feeback hypothesis 
is insufficient to account for the near constancy of p. when A is 
l 
perturbed. Furthermore, a perfect negative feedback response would 
tend to oppose the humidity response of stomata described by 
Schulze et al . (1972) which was later - pointed out to be a feedforw·ard 
response by Cowan (1977) and Farquhar (1978). 
The data presented in Figures 3.03~ 3.04 and 3.23 might be consistent 
with stomata being sensitive not top. alone, but to the relative 
l 
magnitudes of the partial pressures of co 2 inside and outside the leaf, 
p./p . In order to investigate this, Cowan and Farquhar (personal 
i a 
communication) used a double sided leaf chamber to give different ambient 
partial pressures of co 2 , pa' to the adaxial and abaxial surfaces of an . 
attached leaf of Eucalyptus pauciflora . They found that stomata 
reaponded very little, if at all, to the difference in partial pressure 
of co 2 across the leaf , even when differences of 400 µbar were imposed, 
first in one direction and then in the other. 
There is a third possibility which I favour: that the stomata 
respond to a metabolite that is synthesised or mobilised in the 
mesophyll at a rate which increases with increase of activity in the 
photosynthetic system and is thence translocated to the epidermis. 
Such a suggestion was made by Cowan (1977). Recent evidence on metabolite 
transport between mesophyll and guard cell (Dittrich and Raschke, 1977; 
Thorpe and Milthorpe, 1977) tends to be concordant with this. 
Within the guard cell, Hsiao, Allaway and Evans (1973) and Pallaghy 
and Fischer (1974) suggested that the degree of stomatal opening might 
be determined by the balance of competition for energy between reactions 
leading to carbon fixation in the guard cell and those leading to 
maintenance of stomatal opening. The function of the chloroplasts 
in the guard cell is not clear. Raschke and Dittrich (1977) showed 
that the main products of CO 2 fixation by isolated epidermes of Tulipa 
gesneriana and Corrrmelina communis were malate and aspartate. The 
guard cells appear not to possess the reductive pentosephosphate 
pathway . They concluded that the guard cells have to import metabolite 
in order to maintain their carbon balance. Nelson and Mayo (1975) 
reported that non-chlorophyllous guard cells in Paphiopedilum spp. 
function normally, i.e. they respond to the ambient partial pressure of 
co 2 , leaf conductance inc:reases with the increase of irradiance and they 
respond to blue light. Furthermore, as Raschke, Hanebuth and Farquhar 
(1978) pointed out the direct response of stomata - to irradiance per se 
is small. This has been confirmed by my own experiment (Section 4.1.4). 
The contribution of guard cell chloroplasts in maintenance of constant 
intercellular partial pressure of CO 2 , pi' under varying irradiance may 
therefore be small. As Hsiao (1976) pointed out, stomata must have more 
than one source of energy for ion transport. A concept of a general pool 
of energy for transport in cells drawing from various sources was 
164 
elaborated by Jeschke (1976). I would hypothesise that the energy 
status of the mesophyll is important in determining stomatal opening. 
If the hypothesis is correct, stomatal conductance will respond in such 
a way as to oppose changes in the energy status of the leaf. The 
reduction of leaf conductance with increasing intercellular partial 
pressure of co 2 , at constant irradiance, could be due to the lowering 
of available energy levels (ATP, NADH and NADPH) through the enhanced 
assimilation rate. The greater sensitivity of stomata of c4 species 
could be linked with the greater response of ·assimilation to low 
partial pressures of co 2 . With incre~sing irradiance, energy status 
of the mesophyll increases and it follows that leaf conductance could 
increase proportionally with assimilation rate. 
Following photoinhibitory treatment, the photosynthetic electron 
transport chain is partially inhibited, but RuP 2 carboxylase activity 
is not affected (S.B. Powles,personal communication). The energy status 
of the mesophyll at a particular CO 2 partial pressure or. level of 
irradiance is partially reduced. Consequently, A and g decline 
proportionally. The same principle applied to treatment of leaf with 
DCMU. 
Allaway and Mansfield (1967) reported that partial stomatal closure 
induced by 3-(4-chlorophenyl)-l,l-dimethylurea (CMU, which has the 
same effect as DCMU (Wessels and van der Veen, 1956)) in the transpiration 
stream could be reversed if the intercellular spaces in the mesophyll 
were flushed with air free of co 2 . They concluded that the closing 
movement was a response to the accumulation of CO 2 in the intercellular 
spaces. Since I have shown that rate of assimilation, A, and leaf 
conductance, g, decreased proportionally in detached cotton leaves 
treated with DCMU, and that intercellular partial pressure of co 2 , 
p., remained constant (Figures 4.lO and 4.ll), it is unlikely 
l 
stomatal closure could be due to increase in p .. I would suggest 
l 
that flushing CO 2 free air through CMU treated leaves could totally 
suppress photosynthesis and channel the energy originally used in 
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dark reactions into stomatal opening. As CMU causes partial inhibition 
of non-cyclic photophosphorylation, full stomatal opening would not 
therefore be attained. 
Another means of perturbing A in c3 plants is to change partial 
pressure of oxygen. In a model of c3 photosynthesis based on the 
properties of RuP 2 carboxylase oxygenase, Farquhar (personal 
connnunication) estimates that reduction in partial pressures of 
oxygen when p. is approximately 200 µbar will have little effect on 
l 
the levels of ATP/NADPH. The extra energy made available from reduced· 
oxygenation is offset by an incre·ase in energy requirements of 
carboxylation. The observations of Gauhl (1976) and my own experiments 
show that changing the partial pressure of o2 ma~kedly changes 
assimilation rate in c3 plants, but does not affect the stomatal 
conductance. Thus p. decreases when partial pressure of oxygen is 
l 
decreased. 
Photosynthetic capacity increases with increase in nitrogen and 
phosphorus nutrition. I assume that the energy status of the mesophyll 
would increase proportionally. In plants grown under differing 
l 
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irradiances during ontogeny, t~ere is a proportional relationship between 
A and g when measured at saturated irradiance for A. If A and g of the 
shade plants were measured above saturating irradiance, A would saturate 
before g. The consequence is p . increases with the increase in 
l 
irradiance. My explanation for this is that plants grown under low 
irradiance generally have a lower protein to chlorophyll ratio 
(Bjorkman et al. , 1971) . Since more than 40% of soluble protein is 
fraction 1 protein , this implies a lower RuP 2 carboxylase to chlorophyll 
ratio . At irradiances larger than those required for saturation of A, 
the energy status of the mesophyll increases with irradiance and there 
is more energy channeled into the guard cells. Therefore g increas~s 
with I beyond levels of I at which A is saturated. 
increases with increasing I (Section 5.4). 
Consequently p. 
l 
It has been reported that there is a blue-light stimulation of 
stomatal opening which is independent of p. (Meidner and Mansfield, 
l 
1968) . Work on the action spectrum showed that, at a low quantum 
+ flux, stomatal opening and Rb uptake by guard cells are confined to 
the blue region almost completely (Hsiao, Allaway and Evans, 1973). 
Kowallik (1967) reported a comparable blue action - spectrum for 
enhancement of respiration in Chlore lla . Zeigler and Hepler (1977) 
were able to swell the protoplasts of onion guard cells by illuminating 
them with blue light. Using florescence microscopy they detected flavin 
or flavoprotein in the tonoplast. There are several flavin-linked 
dehydrogenases, such as NADH dehydrogenase and succinate dehydrogenase 
in the mainstream of respiration and in the electron transport chain in 
mitochondria. Since there are reports that mitochondria are numerous 
in guard cells (Thomson and de Jounett, 1970; Allaway and Setterfield, 
1. 
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1972), blue light stimulation of respiration seems a feasible source of 
energy for stomatal opening. 
The magnitude of the blue-light effect on stomata has not · been 
quantified in intact leaves irradiated with a continuous and flat ("white") 
spectrum of photosynthetically active radiation. I measured co2 
assimilation rate, A, and leaf conductance, g, in leaves of Zea mays 
with a small double sided leaf chamber irradiated (0.5 and 2.0 mE m-2 s-1) 
with a xenon arc lamp (see Sections 7 .1, 7 . 2). Intercellular partial pressure 
of CO 2 , pi' remained constant, i.e. g increased proportionally with the 
increase of A, when additional blue light (200 µE m-2 s-1 , 400-500 nm), 
from a quartz halogen lamp, filtered by a Kodak Wratten filter No. 47B, 
was irradiated on the lower (abaxial) surface of the leaf through optical 
fibers. Intercellular partial pressure of co 2 also remained constant 
when the blue portion of the xenon spectrum was removed by a Kodak 
Wratten filter No. 15. 
The results with Zea mays suggest that in natural situations (leaves 
irradiated by other than monochromatic light) the action of blue light 
is the same as that of other wavelengths. Graham- (1979) in his recent 
review concluded that evidence for operation of dark respiration in 
the light is conflicting. The observation that stomata in Zea mays 
do not respond to blue light in the presence of white light might be 
due to: 1) dark respiration being inhibited in the light; or 2) the 
enhancement by blue light of the energy released during dark respiration 
being relatively small compared to the response of rnesophyll to white 
light. 
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Mitochondrial respiration can also be the source of energy for 
stomatal opening in the dark in co 2 free air. Humble and Hsiao (1969) 
showed that stomata in the epidermal strips of Vicia faba opened in 
darkness in co 2 free air when floated on 10 mM KCl solution, but took 
almost two hours to attain the aperture which would be reached in a 
few minutes in the light . The requirement for co 2 free air for 
stomatal opening in the dark is again probably due to competition for 
energy. There is substantial evidence that epidermal strips are able 
to fix co 2 ~n the dark into aspartate and malate (Raschke and Dittrich, 
1977 ; Thorpe and Milthorpe , 1977) suggesting that PEP carboxylase and 
malate dehydrogenase are active in the guard cells. Therefore it is 
possible that the reduction of oxaloacetate to malate competes for 
energy with stomatal opening in . the dark. This may seem to contradict 
the fact that malate is one of the anion species in the guard cells 
(Allaway, 1973) , but guard cells do import malate from the mesop~yll 
(Dittrich and Raschke, 1977) . 
The hypothesis of energy status of the leaf is purely speculative 
at present . We have no solid evidence for intercellular energy 
transfers. Nevertheless. it is consistent with the experimental 
results I have obtained, and is consistent with the results of other 
workers also. 
The extent to which stomatal responses modulate rate of transpiration 
has been emphasized in the literature. But it is clear that leaf 
conductance is a compromise between the needs not only to conserve water, 
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but to maintain rate of assimilation at a level dependent on the capacity 
of the leaf to fix carbon. The evidence I have outlined indicates how 
closely leaf conductance is influenced by that capacity, and is concordant 
with recent theories of optimality in the regulation of gas exchange 
(Cowan, 1977; Cowan and Farquhar, 1977; Farquhar, 1979). 
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7 APPENDICES 
7.1 Gas Exchange System for Measuring Whole Leaf 
The gas circuit for the gas exchange system is shown in Figure 7.01. 
CO 2 free air is obtained by passing compressed laboratory air through 
two columns of soda lime (Carbosorb, self indicating, BDH Chemicals Ltd, 
Poole, England) in series. Each of the colums is 5 cm in diameter and 
20 cm in length. When the soda lime in the first column is exhausted, 
it is replaced with fresh soda lime and the column becomes second in 
the series while the original second column becomes the first in the 
series. Air with the desired partial -pressure of co 2 is obtained by 
mixing pure co 2 gas and co 2 free air using three sets of Wosthoff gas 
mixing pumps (models SA 18/3, SA 27/3, and G 27/3F, H. Wosthoff oHG, 
Bochum, F.R. Germany). The output of gas from the last gas mixing 
pump is 3£/min. The gas is then humidified in a gas washing bottle 
with a scintered disc. The dew point of the gas is maintained by passing 
the gas th~ough a glass condenser. The temperature of the latter being 
controlled by ci!culating the water from a temperature controlled water 
bath (Braun Frigomix, Melsungen, F .R. Germany). The ambient partial 
pressure of co 2 entering the chamber is checked by an URAS II Infrared 
gas analyser (Hartman and Braun, Frankfurt, F.R . Germany). The leaf 
chamber is constructed of plexiglas. Within the chamber, a fan circulates 
air past the leaf and through a heat exchanger supplied with water from 
an external temperature-controlled water bath. The speed of air in the 
-1 
vicinity of the leaf if 7 ms . Mixing with the chamber as a whole is 
sufficiently rapid to ensure that the composition of the air is virtually-
uniform. 
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Figure ?. OZ Gas circuit of t he gas exchange system for whole leaf 
experiments . 
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Air passes through the chamber at a rate of 1.4 mmole s-l 
(2 litre min-1 ) , monitored with a mass flow meter (Hastings, model EALL5K, 
Hampton, Virginia , U. S . A. ) . The vapour pressure in the air entering the 
chamber is measured with a dew point hygrometer (Cambridge, model 880, 
Waltham, Massachusetts , U. S . A.). The same hygrometer is also used to 
measure the vapour pressure in the air expelled from the chamber. The 
difference in partial pressure of co 2 between the ingoing and outgoing 
air streams is measured directly with a second Infrared gas analyser 
(IRGA)(Beckman model 865, Fullerton, California, U.S.A.). Water vapour 
in the air stream is condensed by vapour traps kept at ice point, before 
entering the IRGAs. Two solenoid valves (Herion, Stuttgart, F.R. 
Germany) are used to divert gas before or after the leaf chamber to 
the differential IRGA and dew point hygrometer. Flowmeters with 
needle valves (Flowbits , Basingstoke, England) are used to distribute 
gas flow throughout the system. Leaf temperature is sensed by means 
of a copper-constantan thermocouple (42 S.W . G., 0.1 mm diameter) 
inserted into the leaf blade. Illumination was provided by a water-
cooled, high pressure, xenon lamp (Osram XBF 2500 W). The ultra-
violet and infra-red components being removed with .a Schott KG 2B filter. 
Irradiance is measured with a Lambda quantum meter (model LI-185) 
with a quantum sensor (model Ll-1905)(Lambda Instruments Corporation, 
U.S . A . ). The outputs of all sensors were continuously registered on a 
Rikadenki six-pen potentiometric recorder. 
7 . 2 Gas Exchange System for Measuring Both Surfaces of the Leaf 
Fi gure ?.02 shows the gas circuit of the system. Basically this 
system is similar to the one shown in Section 7.01 with the exception 
( 
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Figure 7. 02 Gas circuit of the gas exchange system for both sides of the 
leaf . 
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that a small glass and aluminium double sided leaf chamber is used. 
The leaf area enclosed in the chambe·r is 2 cm 2 The volume is 2 x 1.2 ml. 
The construction of the leaf chamber is shown in Figure 7.03. Two 
differential Infra red gas analysers (Beckman Model 865 and model 315B) 
are used . The relative humidity of air entering each side of the 
chamber is measured with two Humidicap humidity sensors (Vaisala Company, 
Finland) maintained at constant temperature. The same humidity sensors 
are also used to measure the humidity of air streams expelled from the 
chamber . The readings of relative humidity are later converted to 
vapour pressures . 
7 . 3 Calculation of Gas Exchange Results 
Rate of transpiration per unit area of leaf was determined as 
E = 
u(e -e) 
a o 
aP 
(Al) 
where u is molar flux of air through the chamber, e is vapour pressure 
a 
in air expelled from the chamber (taken to be ambient vapour pressure), 
e is vapour pressure in gas entering the chamber, a is leaf area, and 
0 
Pis total air pressure . Rate of assimilation per unit leaf area 
was found from the analogous equation 
A = 
u(p -p) 
o a 
aP (A2) 
where p and p are the partial pressures of CO 2 in the air streams o a 
entering and leaving the chamber. To the extent that air is a 
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A 
Figure 7. 03 Construction of the double sided leaf chamber . 1, water 
jacket for the upper leaf chamber ; 2 , the upper leaf chamber; 3, silicon 
rubber gasket ; 4 ' leaf blade ; 5, ports for thermocouples; 6' lower leaf 
chamber ; 7' water jacket for the lower leaf chamber ; 8, tightening nut; 
9' inlet and outlet of the water jacket for the upper leaf chamber ; 
10 , inlet and outlet of upper leaf chamber ; 11 , compression spring; 
12, inlet and outlet of lower leaf chamber ; 13 , inlet and outlet of the 
water jacket for the lower leaf chamber ; 14, stem of the leaf chamber . 
mixture of approximately perfect gases the ratio p/P is identical 
with CO 2 concentration expressed as volume, or mole fraction·. 
Conductance to vapour transfer was found as 
g = EP 
e -e i a 
withe., the vapour pressure in the intercellular spaces in the 
l 
(A3) 
leaf, being taken as saturation vapour pressure at leaf temperature. 
Thus the dimensions of g are the same as those of E, i.e. molar flux 
density (Cowan, 1977; Farquhar, Dubbe, Raschke, 1978). As the 
conductance of the external houndary layer was at least 10 times 
the maximum magnitude of g, in the gas exchange system described in 
Section 7.01, the conductance estimated from equation 3 was always 
dominated by the properties (stomatal and cuticular) of the leaf 
epidermes . It is defined as leaf conductance . The partial pressure 
of co 2 in the intercellular gas spaces was calculated as 
pi= Pa - 1.6 PA/g 
the numerical factor 1 . 6 being the ratio of the diffusivities of 
water vapour and co 2 in air. As it is possible that some vapour 
transfer was sustained by the leaf cuticle whereas co 2 transfer 
(A4) 
was not, there is an error inherent in the use of this relationship. 
Measurements of transpiration in the dark with Eucalyptus pauciflora 
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showed that cuticular conductance to vapour transfer was no more than 
0.017 mol m- 2 s-l The minimum conductance to vapour transfer 
determined in experiments in the light was more than 10 times greater. 
I calculate that p. was over-estimated by no more than 7 µbar in the 
l 
worst possible case. 
The boundary layer conductance in the double-sided leaf chamber 
-2 -1 described in Section 7.02 is 0.9 mole m s , when the flow rate of 
-1 -1 
air on each side of the leaf is 0.256 mmole s (400 ml min ). 
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Equation A4 assumed that the ratio of diffusivities of water vapour and 
CO 2 in boundary layer is 1.6 instead of 1.37, the value resulting 
from the Polhausen analysis of mass transfer from a plate in laminar 
parallel flow (Kays, 1966). Thus in a c4 plant with a leaf conductance 
of 0.4 mol m- 2 s-l and a 230 µbar gradient of partial pressure of CO 2 
between the ambient air and intercellular space, the intercellular 
partial pressure of CO 2 , pi, will be underestimated by 10 µbar. In c3 
species p. will be underestimated by no more than 7 µbar. Due to 
l 
complexity of the geometry of the leaf chamber, and the topography of 
the leaf surface and also the gas flow pattern within the chamber, it 
is not known whether the factor 1.37 is appropriate. Therefore no 
attempt has been made to correct the error of estimating intercellular 
partial pressure of co 2 . 
When a double sided chamber is used total rate of assimilation and 
leaf conductance are expressed in terms of leaf area of one side of the 
leaf. Intercellular partial pressure, assimilation rate and leaf 
conductance are calculated independently for each surface. Inter-
cellular partial pressure appropriate to the whole leaf is calculated 
not as the mean p. of adaxial and abaxial surface but as in equation 1 
l 
(Section 3.2) using the summed values of A and g. 
7.4 Circuit of Comparator for Controlling Partial Pressure of co 2 
in the Glasshouse (designed by Win Coupland) 
ICl and IC2 (Figure ?.04) form the voltage reference for the 
comparator ICJ. IC2 is included to improve the thermal stability of 
the reference voltage. 
The output signal from the IRGA is fed into the opposite input of 
the comparator. The potentiometer RVl is set to the desired partial 
pressure of co 2 . The solenoid valve opens when the output voltage 
from the ' IRGA is lower than the reference voltage. When the output 
voltage from the IRGA is equal or greater than the reference voltage, 
IC3 changes state, triggers IC4 allowing the solenoid valve to close. 
A small delay of 1 second is introduced by IC4 to prevent repetitive, 
rapid switching of the solenoid valve. 
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2 
partial pressure in the 
gl a sshouse . 
I-' 
-....J 
\.0 
'I 
t 
I 
) 
L .JJ "' .I,* · J; J.; v v 11 .• , 'I '"' I 11 A .... ·1· l"") N ··11··· . . . ... 1 ·· '- . r··· 1 I .-\ :, 1 -, 1· ·· 1··, r·· ... , I 11 ··,·· \:' I.· _I, •,J., ·J..· •.I.· ·.(, •. L• ,I, .J.. I.• :;: "' '1' >,•. , .. ··r: ;1, ::f, \· L r:- , ... 1 .., ... . .. 1·· 1 . . . 1 1.. ·· 1 .r e, '. :) ·:. 1.. . .. ·· , .. , i .. tr ·· \ i::. :::o ... ... . .. ) ,'- ~- ., .. ·T· ·r- .,,. 1 if '1"· , , ••. 
I... TS f 
O O o l i: ;: [ M C A O ···· ···· :? ···· ~:; I O L D C H t, M F: i::: Ft'. 
1.J O O 2 Fi'.[ i'i .. JU i'-~[ i_:_:_; ~ :I. <?)'H 
0 0 :I. 0 ::< L M P ::·: ··- ···· i'.°~ T 1vi Cl r; F' [ I? J C r:· i:;: F :::; r) U F( C r N M H () F< 
0 0 .-i. ·.1. i:-,· , .. · .. ··. /.,( 1:;, 1::· M (., -~ .... r' .... .... ·1· \' I 1::· ·r r--r ') r' r1 \J ··, 1::· ,-.. 1 ·•· i:;· -~, ·r· T r-1 ;-...1 ·1· ~ , , J 1 1 ,., ·1 .I I 1 ·1 ... I .. 1·1 .. , . • I { ·- ... .. . .J ..... • .... ... I . l.. ... . I . I . . . I { . 1 ·~ . ... ... .... . 
(.") (") ·.,. ·.·.··.'. 1:· .  ·.1:· ·.·. ,\.( ("' I r ., 1- 1· 1·- 1··· 1··· , .. , 1-·' 1 ·r· ·1· ,. I .. , f"' ,., 1··, 1··· ... , ... ·1· 'l .. , ·1· ' 1 I J 1··, 1··, ,-· 1··, 1··, I I •\,M r·, 1··· 1··, ' ·1 .... . . ···· .d . . ···· ..... ..I .. ·· ·· ::. ·1. :: . I\ .. H .. l. .. . ..I :::. -~ ::. t··t .l.l .. I\ l:.1 .. I'-{ .. - .. ::. ·, .... ·· h I .r., ::. ·, 
') c) 1 -.. r. ·, 1::· M .. , '") ··- 1·1 "> .... .... r·1 ·1· 1::-1::· 1::- 1:·, 1::· \ ' ·1·· ·1· ,. 1 ··, (·1--·) 1:·, 1::· '" "" ·1· \ , ··: ·r N I r·11-1 i::- 1:·, r' 1--1 ,, ;,.,-- r.-{ 1::· 1:·, t.. . .. ~. , , ... L ,.. . . ,.. . . . ... ' ... I'< .. !·~ ... l... . . .. :.. ' . , .. , ~- .. I "( l.J . . . ..... IA . .• \ .... 1··1 I I .\. ... ' 
(_) (). ·1. l >., 1~· F.:· M (''• ·1 :' ~-In ··~ ~:> 1:;, 1::· .'.'-1·1 1::· 1:·, (") '·/ 1:·, Ff"' ("i h' n ,. t· ! ..... r· l··I :'. 1:·, ·r· ., c, \ 1 l J ~,( r: F 1:-· ('i 1::- n ·1· 1x1· c~ ·1· f"l ;-...1 (:, , ... ... . h t '< ... l .. ··- , ... f..1. . , .. I l \ .... , .. . ... . 1. . d .1 ••• • 1 l \ f-L.. I { . I t... .... , .. ... . . . . . , .. ..... I "·· 
n ('I, ·.,. i::,·.·_; 1:i.' 1-..·. M I 1 ·1· .... , .. , 7 1::· 1:i• rJ 1::, f") ·1· \I ·r· ~:, ··-11::· 1::· c:; 1::- ·1·· ·::i T ·::> ( i f "[ l 1 [ c; ·1· (l \ 1 ~~ 1 · 1 I.J .. j ;... . ... . .. . . I , ... l.. ... ... i . I •••. " . ..I .. •/ , .... -· I , ... 
0 0 :I. (.) F< E: M H :I. .... F~ :I. !I H ;} ··- r~ :? ., H 3 .... i:;: :.-~) (1 h'. F:: l'.i'. H ~:, [ N ~:) D F~ ~J F'. [ (~ fl J N G ~3 I r,~ M '.) 
r') o .·,. 7 1:·,, 1.= ..·M l··I .·1. -:~ i\' 1·1 , .. , ·3 1=-· 1::· -:-:- r·, 1:·, l··I n 1::· n t J ·r· 1 i::- ·r :: ·1· 1:·, ,, 1--1 --::i i:·, 1=· A n Fi' l··I n r.:· ·1· \1 1 1::· ·r :·:· ·1· 1:i· , 1 l I i . ,. , ... 1··1. . , . ... . . .. , l . '- . .,.. 1 , - ·· . • • •••  .. I , ·-· ... ( 1 . . 
n () L fl I~ [ M H 4 ··- i:;: 4 I ~:; F< F r:~ D J NU U F Fi'. H ::3 [ N r; D F< :II: :I. i:;: [ r~ D I NC T i\11... E T Fi'. H 
() 0 ·t 9 ,-. 1··· '~ I Ir.:· 1·· ,... ·1· ('' 1··, 1·- "' r ·1· ;-.. 1 .. , ··11··· 1··, I I .. , ,... 1 •• , ··1 1··, 11· .. ., 1··, , ... "' 1-1 ·1· "•d .. , .,. \JI •::· ·1- 1:;, '-·I 
, ·• .. ::. 1·1 ·· ..J .... ·, ::, . , :) ·,. ::. h .\.I . h l:.1 l.. .. ·1. .. ~::, ::. I\ ~::, I... ·, .. ,:) ·•, ::. h . . . h l .:1 .. I .... 1... , r 
0 0 2 0 F..: F M T I .. ···· T ~) 1... C ti F T H F:: F~ M CJ C U I.. I P I... F:. I N M l.,J 
,, () , 1 , ... , ... M ·T· r ' , .. , 1:·,· 1-1 (, 1::· \ 1 <~ n 1:;, r ' T 1--1 1::· 1:;, , ... n r· n I J 1::, I 1::· .::, ·1· ~-' '·· u 
1, .. :.:. . • .. :: . ; i - ;) .... . ... ·- I < ..•• . , ,:) . , ..• .. I 1 .. . .. ... .. ... ... . .. . . , '( 11 ., 
(_ ) ( .) : )_ ,.. •. >. 1=·,· , ..·:_·_ ,"" ·1·· (·.·.: ·r· ·.1. (., n \ J .. , 1::· · 1 ~:·· 1::· 1:·, ..,. , .. , 1::· 1:·, \·1 .. 1 ··: .. 1 t 11=· 1 1::· ·1· N Ml., 
.. I ., ... I . L ... I\ .) ... ' I -· ' I l.. l.. l.. .. ... ... . . I I / 
(,) (), ?. ·,·'\_ 1:;,· , ..·:_·  M n c:, ·t ... r.~ ·1 ., n ~::; ··~ .... F~ :·~ :·. 1:·, 1::· r1 1::· 1::· c 1::· ·r· 1 n11 .. r. :~ ··., 1::· ·1· \ J 1\·1· t .. J 1::· ,.·.1. 1:,·, 
.. I I .. ,.. ,:. . . . .. . . .. ,.. . .. ... I ~ \ ... " ,_.) ... \ ... ... f-t l.. ·- .. I ' 
0 04 0 
('1 04 l 
0 04 2 
'1 :;· l··I C') 1::- 1'-.l C ) l··11:·,· (~ 1:;, ·1 ,::1 '1,J 1··, 1:,·, :·-~ 
' ,. ·- I , . •• .... . ' • • • ••• ... 
i::· r~ I ~., T " ::: :1. 3 > < :1. 3 > < :1. :.-:s > < :1. 3 > < :1. J > < :1. 3 > < :1. 3 > < :1. 3 > < :1. :.-:s > < :1. 3 > < :1. 3 > < :1. 3 > < :1. 3 > < 1. J > < :1. :.": -
r:· Fi'. T NT 11 < l 3 > < l :3 > < :1. 3 > < l 3 > < :I. 3 > < :I. 3 > < l 3 > < l 3 > < l :3 > < 'I. 3 > < t 3 > < :I. 3 > < t 3 > < :I. 3 > " 
l::•1::•. ·1·.1 .. f"Y" II •• ·1 •• y •. ,• ·1 ""t' • ,• ·1 ··~ ·. II .. I"<: I < .... ,') .. :• -: •. . • , ) .. :· ·: ... . .. :~, .. :-
o o 5 o r:· f< I N T " r:· i:; ll c: ,~ i, c l v c ·2 ~} H t !! o r; t ., H 2 ~ H 3 ., u r; 3 11 
o o 5 .1. T NF' u T F' , . c y D :1. ? n :? !I F~ :1. !I o :1. v h'. 2 !-' i:~ 3 1· B 3 
") 0 c- ,., 1::, 1:i• ·,·. >-.J. "T' 11 ·r· c, ·1 v ·r· c:; •' ) y ·r· c, ··x , ·r· .. , v "T' 1 " ·1· l··I ·1 ., ·1· 1--1 ··,i; .. .,. c, ·1 " ·1· c "'X 11 ( . '"J ~.. I , • • • • , ••• , .. • , .. ,,. , ~ l... . . .. , . . . . . . . .... · .. · ... ... · . •, .J , . .i 
() ") I~ ) T ', 11::• 1 J ·r .. , ·1 ('' ,.., .. , " l ·r· ·1 ·r· ,., 1··, ·l 1··, ,::· ('' 4 ('' i::· 
.. l ..... . . I , .. ~::, .. ~ ,:) .-: .. !I ~-, .... • , . ,, .-::. y ·1,, ... , !' '\, •• J 'I .. ::a · !·' ,:> ,.J 
0 l O :I. I... I::. T O :I. :::: ( fl t .. .. ::? 0 ) ./ :? 
0 1. 0 2 I F T D :I. :::: ,. :=:; 4 /) H ::t: :0 :I. ···· 4 (, 6 6 ~~:.i E .... 0 4 >'f. 0 :I. , ... ::.:2 
0 1. ·.1. 1. I 1::· T y·1 ':> :::: r n ':> .... ··:> () ) / 'J 
.l, · , ... "" .• .. , ., I .-. •• 
() I I ... ) I I T r.· '") ·- ,::· ·1 i::· ··7 , J,, 1·· '") ·t ... , ·1 n 1-· ') 'I .. ,, y• ,., , ••. ,., : •.. . •:.. . .. ::. .1 .· .. ··- ·> •• .J . . , ..I . ,), ... f ,;_ •••• • ~ / .-., D ::. ·-· t_ /.1 ,i'- A.I .,:. .,.'. 
0 1. 5 0 1. .. F T ,:~ 0 ::: :I. -~ ? 4 '/ n 
0 ·1 ~.i :I. 1...1::. l t10::::AO/ :I. 0000 () ,., o 1·· E. ~-< T 1--11=· 1:~· r,, (l r' n 1 11:.:· 1 1::· 1:·, 1:." ~ r·, ·r i-._1 ··., <:' ·1· » ..1 , • l 1 
... ,._ , .. ·< :.:. h . ... . I ~ , .. ,.. ... ... , ·- , .. , . . . t 'd.J ,.) .. t , 1'1 -1 
() 2 l O F, E M F N ~:; C C) N l) E F~ T T H E F~ M D C Cl UP 1... [ ~3 U F F< H ~; E N ~:> D I=< ~ ~; J N T CJ Cl 1::: Ci I:;: F F C 
0 2 :I. :I. DEF i::· NS ( Y ) :::: 2 '.::_; o) l :? * Y ··- ·> 6 ,SO 2 * Y ,., 2 .... v O :I. 9 ? D * Y ,., 3 
0 2 12 L ET S:1.=FNS(S1) 
0 2 l :·5 L E T ~; 2 :::: F N ~:, ( ~3 2 ) 
0 2 1. 4 I ... I-._ T C' ··.,:::: 1::- \ I(~ ( s "Z ) , .) ·... I < ,.. , ••.• :J . 
0 2 1. ~.i I 1::- "l" C' .11 ·-· f"'.' ~ 1 (' ( i:' 4 ) 
-.) ·'t - f ,. ,.) ,.) • 
0 "1 ~ I I E- ·r <:' ,:.- :::: i::- N ('' ( s i::· ) .:.. .I. C> •. -:. , >,.J r ,:, ,. ,.J 
02 20 F<EM FNT CDN~)EF,T THl:.F~MOCO UPLE Mt.) DF TC t,N D TL I ,-. JTD DE::G F;_'. [[ C 
') '") '") 1 [I E ,- F N ·r ( z ) :::: ':> 6 "Z ·7 ;.v z ··- . i:: · (:) ' :> ··1, ~·, ·,·, ,., ' ) 
' .:.. ,;.. . .• . .. . .,.. . • ,:> . 'l' y , .J i' , .. , .. . '(\ .... .. ... 
0 2 2 2 LI::. f T :I. :::: F:- NT ( T :I. ) 
0223 LET T2 ::::Fr~T ( T2) 
o 2 3 1 L 1:. T ·r .. l' =--: ':> ,::-, -i ':> * ·r ·3 .... <., l, <) ':> /< ·r ·3 ... , ':> .... o ·1 9 -,, 0 ,J, ·r ··.l; , ... .. : 
~.) r. .. ,. + .I. 4. . , ~ ( . . \... .• .... I ... .,,,, ~ .• . • • ; (,) tl\ ,.,.. , .. • 
o 3 0 o i:~ EM F NA c n N 1...,1 F F~ T T E M P T o ~=; i~ r t.-1 P 
030 :L U::.T J0=6 v :I. 02 
0302 LET J:J.::::44.02 
0303 LET -.12== :L ~:i 1 "B~5 
0 3 0 4 L. E T ,J 3 = :t r; 4 • 4 f.> 
030~ 1 r·r J4-~~o ~, 
... .::, ... •.. ,. ·- '"' -J * , ..I (.) 
0 3 0 c> L ET ... 1 ~:j :::: :I. '? / > • ? \S 2 
03 0 "7 1 •. ET JfJ:::: 3 04 ~ l 2 
0 3 () fl fl F i::· F N I~ ( X ) :::: .. .J O + ...1 :t. * )( + J 2 * X ,., '.? + -..I 3 * X ,., ""5 + ,J 4 * X ,., 4 .... J ~s * X ,.., ~:i + J l> * X ,., 6 
) 
l 
) 
) 
) 
) 
) 
) 
• 
'
·.' ) ·-.. ~ .• ( ) 11.·. 1··, 1·.·· \,.( I I I I 1 ··- .. , ..... - l 11·· h ·r , .. I I c, 1::· '1·-,I C>' t' ') 1:;, c , r· 1::· ~, A 1::, ,·::· 1::,, ,·:\ ·r I 1, 1:;,• 1= 
~. ··.1 · 1 '-! . . - .... , .... .... \ ... , .. , I ,, ··' ( .. , I \ .. ' .. • ,. I ' ,.. I ... I .• ·1 • .• .. 
n ;\ l l I i::· T l ,1 ·1 :::. r:- r,l (i ( .:::; I. ; I r) () ·, .!: ·1 0 0 0 ./ F' 
'
· .. ·) .. .,._ ·1 ..... _> 1 1::· ··r· tr,·, ... 1:·· \ j ~~ (. c:: ') .... , {) n , ·.J,· 1 n n ( .. ) / 1::, 
, .: .·:.. ... I · f ·t · .• 1 • • ..... ,. •• r, , · .... . .... 
{) -~ t . ~ 
o-·, t 4 
o 3 '· :i 
1 . 4 ·' ) •v ·1 .-
•, •. ' \.) 
1...1::. T 
I.. F:. T 
1 ... FT 
I [ f 
·1. 1··· \ I \ , ('' .. . I I ,, . ' I I ·, ., ') I 1·· l) . ·, ::·: ·· I"• 1·.:1 '. · ) _-<, , . I._} (} I ' ( (} ( ! 1, / ··' 
I I ~ ... •, I ' , • • . .• I . . . · 1 I ., .·, ' .. , .. 
. . ... , ::: f · · 1 \ . ( :1 ," ':.) • .I. ., • 1 .1 r. ) J ·/ . ( ,' 1 . . ! (..1 , _ •• • 
, J ,::· =·~ 1·: r-.! -:~ ( \·; ·· =i .' I n n ) ·1-=- ·1 ,.) n n / 1::, 
• J · I '1 ' ,, .' , ',,• ', · ,' · •.· I 
.. -• I .... I_ 1-·.:·.· .. ,.. I . . V 1 ·· ... I •• .. ( (..J '· ) / .,.' ·\ ::.: ·,' -~ ')"' 1:3 ····' 
o J :1. n L F · r r,: 4 :::: i:;· 4 \ r:{ :1. 
I ) ••• ), ·1. ,_ . ' I 1·.- ·y· 1·· ,... 1·· ' ·· • ·r· .... ~ ·,: .: ·, .::: ~ :·., --i· :3 ·<, 
0 3? 0 I [ T I ,.J :I :·:: · · / ·. 4? ? {-- l ,, 0 ,:S ~ =_; ;¥. 1:;: :I. 
0 :--< ·2 :I. I . r:· T Id :I. --:: l,d l :-}~ l.) l / l O 0 
') ~-1 ,r ... >_ ~:>. I . 1_::·. ·r· '· J .. :> :::: ... . r "T q ,::· .J.. ·1 ') ':> ·: ·:-!( !\,j ' :> \ .] -- J. "" ... • •. 1,) .' ,.J 1 • • +\ ......... ,.)· I I ., .• 
' ) ·-y ' 1 --:r 1 1::· ·r· , , .. 1 1 , •• , , t 1 .. . > · ·1 .. ) r' ~ ' ) ., .. d !• .• : ::: J, .. :: • .:-{ • .J ,: •. / .. l. , ) 
0 3 2 4 I . r:· T l.d ;·.; :::: ···· ·> q U t· l ~ 0 3 :L * F;~ 3 
() -x ':> i::· I ... 1:_:_·_ ··,·· I·' ··v '-I ·y t, t 1 ..... 1 ·1 O n 
. •. J ~ .. .. ) .A.J • :) ::: : IA ·) ·•'- / ,:') I •• '· . .) 
() 3 ·; !) I... I::. l (A.I 4 :::: .... '? •! 4 9? + :I. ,, 0 6 ,_:_:; * F"\ 4 
0 :3 2 7 I._ I::: T l.J A:::: 1 ...14 t V 4 / l O 0 
() .. 1 ':, P 1 1::· ·r· , , i::- === ·- q <3 -f · ·L o ··~ ·L ·:1-· 1·:·, •==-
, ) . .. _) ·"" '.J . \ . + - , .. . 'f' ' ,.J 
0 3 ~~~ 9 I i::· T t.,.J ~_:; :::: 1,,.J ~:=:; >~ t.) '.~j / 'I. 0 0 
' ) - · r::· ') 1:·\·. 1.::-.. '1·1 1,1 ·-:,, .. _ ··· c., A 1· u 1::, r" T ,1 1:=- ,·:' 1::- ·r 1::- i'vi 1::• 1::· 1:·, -~ ·rt 11:;• 1::-r:. ,:', ::.1 1 . • , ., '-· , ·1 ...... ·1 ... I -· \ I 1 .. , .. . 
0 3 ~.i l 1...1::. 1 LJ}::::FNA ( T?/ l 00) * :I. 000./F=' 
0 3 ,S O I;'. I::: M l.d 6 ···· ·- f; r:) T l.) P ,:1 T C CJ N D E N ~::; [ F;: T E h F' F F~ ,~ T U 1;: E 
o 3 6 1. 1...1::. r 1.i.J /> ::= F N ,~ < T :1. / :1. o o ) ":-i'< 1 o o o / i::i 
0 4 o O h: F M l.J .... ··- F 1... C} I..J O F ,:~ l F~ I N I... / M I N 
040 :I. 1 ... ET I.J :::: ,. 4 
() l ~()? 1 .. 1::. T l.J :::: 1.1/ ( 60"¥. :::~~=~) 
() :=s O () I~: F M [ U (-~ P .. _ ·-· F:: .... .... M 11 D L M ... , ·-· ::? .:3 ... , .... :I. 
0 :::; 0 l I r:· T F :I. :::: ( 1 .. d l ···· W 4 ) >:< U / ( t-, 0 * P / :I. 0 0 0 ) 
() ,:: ·, 0 .-, ' 1::· 1·· 1::- .. :> :::: ( 1.1 ... r ·-· I· 11::· ) * l I .1 ,.. -~ ··1 >1< 1::• / ·1 n O O ) 
• ,.. . .:.. I.. .• .. •. , .. .•. , °' Al ,.J . .. . \ l··t ~, I • • •• • •• 
o ~:i o 4 L I::. r 1..\J :1. =::: ( 1i,1 t + 1AJ 4 ) / ::? 
() i::- O 6 I I T I..J ··: ·::: ( liJ ?' .1.1 ,J i::· ) / ':, 
• ,.J •· ~. . .. ::. . . ,.) \ .1 I , .J , • "'· · 
o::.~ 1. o 1 ... 1::. r H :1. ::::1,.,17 .. .. 1.J 1 
) ,-· I 1 I I T I 1-.. , ····I· 1 ·-· I I • .,.. ( .. -J . . .. . ::. . ., :. .... ·\J / ··- .l.J •• ::, 
I"'.. f.> (') 0 1:·,· 1:.=-.. 11 .. , r·1 'J ('' I I r' ·r " ' 1 ("' 1·- ('' >- • ··1 I ~ · ..... r> ("' ,... ·1 
·-' L ... I' . ..· ... .... H !''( ... ::. .J - - 1 'l L __ 1·') ···• . ..-... ..::, ··•• .. 
060:1. LET G1~CE:l.*Pl:l.000) / H1 
0602 I FT u ::.~:::: ( E:}*F' / l 000) /1-1? 
0 ? 0 0 F,'. EM A ::; ~:, T ,·1 !... 0 T I U N r-~ ···· ·- U i'·i D L M , ... ·-· 2 ::;; ,., .... l 
0 7 0 :L L. E T ,:) l :::: D l l U / < (.~ 0 * !=' ./ l O O O ) 
0 / 0 ? 1. .. I:. T ,~~ ::? :::: D ? >¥ U / C ,:) 0 * P / :L O O O ) 
0 fl O O 1:;: EM (-~ 1·,1 B T F NT CO 2 CORRE C J CJ N OF H ::? D l.) P 
0 BO 1 I... I::. T C :I. :::: C r: -- 0 1. / ::? ) / ( l + tJ :I. / ·1. 0 0 0 ) 
0 n O 2 L. ET C :.? :::: c C ···· 0 ? / :2 ) / < :I. + l,J 3 / :I. () 0 0 ) 
0900 1;:EM I NTFF~Nr-":il ... CO~? 
(.) 9 () 1. l .. 1·_-- ·r t"' ,'. ··- (" ·1 1 ( ·!i- ., ·L I G ·L 
_ ... n ·- .... ··- . ~ o .:i . h . , , . 
0 9 0 2 L. ET f~ / :::: C 2 ·-· l • (S l :~ 2 / G 2 
:I. 0() :I. LE T AJ::::,~ :I. +r-"12 
1002 
·1.003 
'1.004 
·1 () () r::-
. . . . , J 
1006 
:1.:1.00 
:1.101 
L.E:T G3 ::::tJ J +G2 
I... ET E 3 :::: 1:: t + I::. '2 
L. ET H :·5 ~.:: C H 1. + H 2 ) ./ 2 
LET CD::::(Cl+C2)./2 
LET C')::::C8 ·-· 1 t 6* ( A 1 tA2) / < G l +G2) 
PF: I NT "U PF'E::F..: CHA MBER• 
I=· 1=-,· ·1 N ·r· 11 C ·- a .. ('' ·1 "' " r. tJ -- 11 " ('' '~ " u A ··- • .. A ., .. 11 t"' ··- " " ("' ·1 - ·- i' .... . . ., .J - !' ., (:) ., ··- !I - . ... J ··- '/ J . . 
:1. 1 o 2 P F, I N T 11 1:: == 11 y i::: :1. ; • tJ A := 11 ~ vJ :1. ; 0 r:i w:::: " y H :1. 
:I. :1. 0 3 F· 1;: I NT " L. U I..J ER C HAMB EI~ • 
:I. l O 4 i=' I~ I NT II C = 11 y C 2 ; • C L = " ; C '.7 ; • I~ :::: 1' y l~f :? ; II u ::= II V G 2 
:I. l O 5 F' 1;: I N T H I:. = n ; I:. 2 Y " l.iJ A= 11 y I.AJ 3 ? 11 [I W := 11 Y H 2 
:1. 1. o 6 F· r-< I NT " To TA 1... c H (~MB ER " 
I I O 7 I .. 1- ·1· N i~ :::: " ;, C' .. 5 : . : . _, ·, . . T u C :::: 11 ? C D ; n C I :::: M Y C 9 ; " A :::: 11 ~ A 3 Y 8 ••• • .J ,. 
-i. 1. o s i=· 1;: I N T " E:::: 11 ; E 3 y II n IA.I:::: " y H 3 ; " 1i.J '- = 11 y w 7 ~ 11 T 1._ i::· === 11 y T 2 
l 1. 0 9 F' I~ I NT a I ~J. L E T ~) i=' u 
:I. l :I. 0 1:• F~ I NT II T C :::: " ~ l,.J (j !1 " H l :::: 11 Y 1,,J 4 y " H :~ :::: 11 ~ l,J '.? Y II H J II v 1,,J ~:3 
:1. 1 2 o I , ~ F· u T II c o N T r. N u [ ? c y / r~ ) 11 " 1._ ~i; 
:1.130 T1=- L.-t> :::> 11 N II THE::~-.! c-1u ru ()04 0 
ll40 BY[ 
Notes Statements 0101 and 0111: Dl and D2 read from recording chart. 
Zero of Dl and D2 are offset by 20 divisions. Outputs of IRGA 
are both 100 mv, inputs of recorder are set at 50 mv full scale 
deflection. 
Statement 150: AO is the area covered by small leaf chamber in 
2 
cm. 
Statement 151: 2 convert cm 2 tom. 
Statements 0320, 6322, 0324, 0326, 0328 convert mV reading to 
Rl, R2, R3, R4 and RS into relative humidity. 
Statements 0321, 0323, 0325, 0327, 0329 convert relative 
humidity into vapour pressure. 
-1 -1 Statement 0402 converts air flow in 1 min to moles 
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